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Abstract
This thesis presents a number o f design methodologies and a cost-effective measurement 
methodology o f low-cost, low-power consumption smart antennas for applications in wireless and 
satellite communications. To reduce cost, the Electronically Steerable Parasitic Array Radiator 
(ESPAR) antennas, which are low-cost solutions compared with traditional smart antennas, are 
employed. To reduce the antenna size, the methods, in which both the driven element and the 
parasitic elements can be made small, are developed. Then these small components are used to 
construct different compact smart antennas for different applications.
The contributions to the design methodologies are focused on: (1) compactness (i.e. small size 
both on antenna height and radius whilst achieving reasonable directionality and beam-forming, 
abilities); (2) high-gain (i.e. low-profile whilst still achieving higher antenna gain by using the 
novel designed small directors); (3) broad-bandwidth; (4) dual-band; (5) polarisation re­
configurability; (7) antenna array (i.e. using Multiple-Input-Multiple-Output (MIMO) 
technologies to improve channel capacity); (8) adoption o f electromagnetic band-gap (EBG) 
Metamaterials realizing steerable beams; (9) integration into other antennas such as the Yagi-Uda 
antenna, circularly-polarised (CP) antenna, and a reconfigurable reflectarray antenna. Furthermore, 
the application to Wireless Sensor Network (WSN) communications within a multipath 
environment is assessed where significant improvement over system throughput is demonstrated 
against commonly used omni-directional antennas. All the anterma designs are characterised 
numerically and also, where possible, experimentally.
The contributions to the measurement methodology are focused on developing cost-effective 
measurement approaches for direct smart antenna Signal-to-Interference Ratio (SIR) and radiation 
pattern characterisation prior to input to a transceiver.
Several kinds of low-profile and low-cost ESPAR antennas have been designed, constructed and 
measured for the first time and specific advances are:
•  Low-profile folded monopole ESPAR
•  Low-profile Yagi-Uda anterma where, for the first time, the height o f the Yagi-Uda antenna 
has been reduced by 50%.
•  Low-profile folded monopole ESPAR with the small director array achieving higher anterma
gain where, for the first time, the anterma height of the ESPAR anterma has been reduced
from typically 0.25 Lq to 0.1 Lq.
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Chapter 1
1 Introduction
There is a constant need for modem wireless communication systems, such as radars. Amplitude 
Modulation (AM), Frequency Modulation (FM) and satellite radios, cellular phones. Global 
Positioning System (GPS) and Wireless Local Area Networks (WLAN), to have larger capacities 
and improved Quality of Service (QoS). The key issue to enlarge the capacity is to increase the 
spectmm efficiency. There currently exist four diversity techniques to improve spectrum 
efficiency: Time Division Multiplexing Access (TDMA), Frequency Division Multiplexing 
Access (FDMA), Code Division Multiplexing Access (CDMA) and Space Division Multiplexing 
Access (SDMA). The time and frequency division multiplexing have been adopted for 2G 
wireless communication systems and the code division multiplexing has been used for 3 G 
wireless communication systems. The enlargement o f system capacity for 4G wireless 
communication requires further study and employment o f space division multiplexing.
An additional advantage of SDMA is the improvement of QoS and the reduction in interference. 
Since the SDMA can suppress interference and attenuate multipath fading, smart antennas have 
become one of the key technologies realizing the 4G system. Furthermore, the development o f a 
truly personal communication era will rely on wireless systems based on a whole new concept of 
fast, reconfigurable networks, supporting features such as high data rates, user mobility, 
adaptability to varying network conditions, and integration o f a number of wireless access 
technologies [1].
The Electronically Steerable Parasitic Array Radiator (ESPAR) antenna is a low-cost solution 
compared with the traditional smart antennas. There are no expensive phase shifters used in the 
ESPAR antenna and no complicated feeding network required. The electromagnetic energy is 
distributed from the driven element to parasitic elements by electromagnetic coupling and each 
parasitic elements is controlled by a reactive load. The induced surface currents along the parasitic 
elements can be controlled when tuning the DC voltages supplied to those reactive loads. And 
thus the pattern steering and beamforming can be performed. Therefore, the ESPAR antenna is 
chosen in this work to construct the low-cost smart antenna. In order to make the ESPAR antenna 
suitable to be deployed to portable devices, its size and weight must be reduced further. The 
methods o f how to build compact and low-profile ESPAR antennas are developed in this work.
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The adoption of smart antennas in future wireless systems is expected to witness a significant 
improvement in the efficient use o f the spectrum lowering the cost of establishing new wireless 
networks and optimizing the Quality o f Service (QoS). To successfully design future wireless 
communication systems, smart antennas need to be considered in the very early design phase of 
the wireless systems. Furthermore, a realistic performance evaluation o f smart antennas must to 
be performed according to the critical parameters associated with the requirements o f future 
systems. Therefore, the development o f a rigorous measurement methodology for smart antennas 
is important.
1.1 Objectives of the Project
The objective o f this work is to investigate novel designs, implementations o f smart anteimas 
which will have a small size, light weight and low-cost. To propose a cost-effective measurement 
methodology that can evaluate a smart antenna directly without being affected by the modulation 
mode and Forward Error Correction (FEC) code.
Different wireless communication systems impose different requirements on antennas. For 
example, the SDMA system requires that smart antennas exhibit beamforming ability, the position 
location services demands direction o f arrival (DOA) estimation, and the Multiple-Input-Multiple- 
Output (MIMO) system requires de-correlation using either pattern diversity or polarization 
diversity. For each application, there is a correspondent smart antenna architecture for the 
particular application, in which the cost varies accordingly. The Consumer Electronics (CEs) is a 
cost sensitive industry and has a huge demand on smart antennas. Furthermore, the portable 
wireless communication systems require compact and low-power consumption smart antennas.
Furthermore, The success adoption of smart antenna techniques in future generation wireless 
systems relies on two considerations: firstly, the smart antennas need to be considered during the 
very early design phase; secondly, the performance o f the smart antenna must be evaluated 
directly in terms of the critical parameters, such as Signal-to-Interference Ratio (SIR), Forward- 
Backward Ratio (FBR) and efficiency.
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1.2 Main Contributions
This project investigates novel designs, implementation and measurement methodologies o f low- 
cost smart antennas. Main contributions include:
•  The methods, in which the driven element, the director and the reflector can be made small, 
are developed in the work. (Please Note: The basic functional segments o f antennas are: 
the driven element, the director and the reflector.) Different low-profile antennas can be 
constructed by using these small segments.
•  A novel design and implementation o f small-size low-cost smart antennas, named as 
“Folded Monopole-ESPAR (FM-ESPAR) antenna” is constructed and measured. Its 
antenna is lower than Xo/10, which has been reduced by 60% compared with traditional 
ESPAR consisting o f monopoles. Its beam can be electronically steered from 0° to 360° in 
azimuth plan. The adaptive beamforming can be carried out with the aid o f a training 
sequence and an adaptive beamforming algorithm. It has a single RF front end and does 
not require RF phase shifters, hence low-power consumption and low-cost.
•  A low-profile Yagi-Uda antenna, whose height has been reduced by 50% compared with 
the standard half-wavelength Yagi-Uda antenna, is constructed.
•  The method that can increase the antenna gain without increasing the antenna height o f the 
low-profile smart antennas has been developed. A prototype reconfigurable small director 
array is designed and implemented for the low-profile ESPAR antenna. Without increasing 
the height o f the low-profile ESPAR antenna, the antenna gain has been increased by 3 dB.
•  The method of constructing a dual-band low-profile switch parasitic anterma has been 
proposed. A dual-band low-profile switch parasitic anterma is constructed by 
implementing this method.
•  Two methods constructing the low-cost electronically beam-steering CP anteimas for the 
satellite communications have been developed and implemented. (One employs the 
reconfigurable parasitic elements and the other one use the reconfigurable Electromagnetic 
Band Gap (EBG) ground to enable the beam-switching. )
•  A novel measurement methodology are proposed and validated for charactering smart 
anteimas prior to embedding the antenna with the transceiver, which includes Forward- 
Error Correction (FEC) coding and modulation. (Using this method, the system developer, 
network designers, and users will know in what circumstances the Anterma Under Test 
(AUT) can suit their requirement and how much link margin should be assigned when 
deploying this antenna.)
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1.4 Structure of the Thesis
Including the introduction chapter, this thesis is organized into eight chapter.
Chapter 2 provides the background of smart antennas. The content is categorized into: 
architectures of the smart antennas -  describing the structures o f different smart antennas, 
algorithms of the smart antennas -  illustrating different algorithms used by smart antennas, and 
the measurement methodology of the smart antennas.
Chapter 3 illustrates the low-cost and low-profile smart antennas. Tlie small and low-cost folded- 
monopole ESPAR antenna, small director array for low-profile smart antennas achieving higher 
gin, the broad-hand low-profile ESPAR antenna with low control voltage, the dual-band low- 
profile ESPAR antenna with low control voltage and reconfigurable inverted F-type smart 
antenna are introduced from chapter 3.1 to 3.5 respectively.
Chapter 4 introduces two compact M M O antennas with adaptive radiation patterns. One is the 
compact co-polarized M M O antenna containing two compact folded monopole ESPAR antennas, 
and the other is the beam-switchable cross-polarized M M O antenna.
Chapter 5 illustrates the circularly polarized beam-steering antennas for satellite communication 
applications. One antenna use the reconfigurable cross-structured parasitic elements to steer the 
beam and the other one use the impedance reconfigurable ground plane to steer the antenna beam.
Chapter 6 shows an application of the compact ESPAR antenna. A low-cost beam reconfigurable 
reflectarray antenna is designed in this chapter.
Chapter 7 give a novel measurement methodology for smart antennas, which characterizes a smart 
antennas prior to embedding the antenna with the transceiver. With this method, the users can 
know in what circumstances his antenna can suit their requirement and how much link margin 
should be assigned when deploying the antenna.
Chapter 8 concludes the thesis by highlighting the outcomes derived from this work and provides 
some insights into possible future works.
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Chapter 2
2 Overview of Smart Antennas
2.1 Introduction
The adoption o f smart antennas in future wireless systems is expected to witness a significant 
improvement in the efficient use of the spectrum lowering the cost of establishing new wireless 
networks and optimizing the QoS. The time and frequency division multiplexing and the code 
division multiplexing have been used for 2G and 3G wireless communication systems 
respectively. The enlargement o f system capacity in 4G wireless communication requires further 
study and employment o f space division multiplexing. The space division multiplexing is the 
improvement o f QoS and the reduction in interference. Thus smart antennas with beam-steering 
and beamforming abilities must be investigated and developed.
To successfully design future wireless communication systems, smart antennas need to be 
considered in the very early design phase o f the wireless systems. Furthermore, a realistic 
performance evaluation of smart antennas must to be performed according to the critical 
parameters associated with the requirements o f future systems. Therefore, the measurement 
methodology for smart antennas is important to be investigated.
In this overview, the structures of different smart antennas type are illustrated. One important 
trends in the adoption o f smart antennas in future systems are presented, such as antenna system 
reconfiguration according to various channels and network conditions, multi-user diversity, and 
interference suppression. A literature revision on measurement methods for smart antennas are 
presented.
2.2 Existing Architectures of Smart Antennas
Various wireless communication systems have different applications imposing different 
requirements on smart antennas. For example, the SDMA system requires that smart antennas 
exhibit beamforming ability, the position location services demands DOA estimation, and the 
MIMO system requires de-correlation using either pattern diversity or polarization diversity. 
Therefore, there are several different smart antenna architectures; for each application, there is a 
special smart antenna architecture built for the particular application.
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Figure. 2.1 depicts the classification of smart antennas according to the implementation, 
embedded algorithms, hardware, and architecture.
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Figure. 2.1 Classification of Smart Antennas
The most powerful smart antenna structure is the adaptive array antenna, whose radiation pattern 
can be shaped by both amplitude and phase weighting the outputs of the array elements. These 
versatile antennas can fulfil almost any assignment given by the developer, such as interference 
suppression, DOA service, beamforming, and beam-switching. However, major disadvantages are 
high cost and bulkiness. Take the digital beamforming adaptive array as an example, each 
radiating element is equipped with a Radio Frequency (RF) front end composed o f an RF 
amplifier, RF filters and a mixer, as well as an Analogue-to-Digital Converter (ADC). RF signals 
received by each radiating element are down-converted to baseband signals and digitized 
individually. Digitized signals are fed into a digital signal processing (DSP) module where the 
beamforming algorithms reside. The beam-switching antennas are low-cost solutions alternatives 
to adaptive arrays antennas when the requirement is as simple as beam-switching and sector 
coverage. Usually, both adaptive arrays and beam-switching antennas are used for base stations 
due to fine beam-switching, higher antenna gain and large size.
For portable mobile communication systems, parasitic array antennas and MIMO antennas are 
used more often. Parasitic array antennas with adaptive beamforming algorithm can achieve 
interference suppression, beamforming and beam-witching. They are low-cost solutions 
alternative to digital beamforming adaptive arrays; however, the trade-offs are lower antenna gain 
and wider beamwidth.
The genesis of diversity antennas lay in their ability to attenuate multipath fading, which has been 
viewed as an impediment to wireless links; often considered as a critical drawback afflicting 
wireless communication for decades. It is well known that the delay spread and the resulting Inter 
Symbol Interference (ISI) due to multiple signal paths arriving at the receiver at different times 
have a critical impact on communication link quality [1]. At the beginning, the diversity antennas 
[2-7] are designed to reduce fading by introducing diversity gain [8-11], diversity combining, and
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adaptive beamforming. In the past decade, a different approach that employs multipath fading to 
achieve higher data-rate transmissions has been realized. Systems that take advantage o f multipath 
fading are called Multiple-Input Multiple-Output (MIMO) systems. The MIMO antenna, which is 
classified as a diversity antenna in this thesis, is designed to enrich the multipath propagation 
instead o f minimizing it. In a multipath environment, the diversity antennas that provide 
uncorrelated propagations are installed at both transmitters and receivers to create MIMO wireless 
communication channels.
2.2.1 Adaptive Array Antennas
The design of antenna arrays has been studied extensively since World War II and has 
experienced a renaissance recently with the application o f evolutionary algoritlims, cognitive 
intelligence systems [12] and 4G communication system such as Long Term Evolution-Time 
Division Multiplexing Access (LTE-TDMA). Spatial diversity is achieved by feeding different 
phases and amplitudes into the multiple antennas, which are arranged in certain geometrical 
configurations, such as linear arrays, circular arrays and meshes. By tuning the phase and 
amplitudes fed into the array, no energy is radiated/received at certain angles. However, 
maximum radiation/reception is achieved at other angles. This is known as array beamforming 
and can be further classified as analogue beamforming or digital beamforming depending on the 
phase tuning methods used.
The theoretical architecture of the adaptive arrays is illustrated in Figure. 2.2 (a). The adaptive 
arrays is composed of several radiating elements and each element is connected to a phase shifter, 
which can be electrically controlled to provide continuous phase changes. The power splitter is 
used to distribute different amplitudes into different radiating elements. By using a signal 
processing algorithm, the adaptive array antenna is able to point its main lobe towards the desired 
signal even when the desired signal is moving. Similarly, the adaptive array antenna can form a 
null in the direction where strong interference exists.
When examining signals using the linear array configured as in Figure. 2.2 (a), the following 
assumptions are made: The received signals S(i) is in the far field and they reaches every 
radiating element with the same incidence angle 6*,. Each radiating element is omni-directional. 
The signals S (i) are narrow banded with a flat envelop. Therefore, all radiating elements receive 
the same signal envelop.
If element No. 1 is considered as the reference element, phase delay will be observed by other 
elements relative to antenna N o.l. Let the phase delay between antenna N o.l and No.2 be (pi. 
Then, the relationship between and cpi can be express by the function
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% = 2 ;r—sin^,. (2.2.1)
i :
(8)
7  \ K
Figure. 2.2 (a)Theoretical architecture of adaptive array antennas (b)when the adaptive array 
antennas are observing p incoming signals.
Where d  is the distance between adjacent antennas and 1 is the free space wavelength o f the signal. 
The distance d- should be no more than half the wave length. The following defines the vector, 
which is composed by the phase delay observed on all antenna elements relative to antenna N o.l,
d ef
a(0,) =  [1, e-" ' ..... T  =  [a, % ), a , (0, )]' (2.2.2)
The vector defined by equation 2.2.2 is referred to as the direction vector of the signal S(i). 
Assume that the total number of signals needed to be observed is designated as “p ” as shown in 
Figure. 2.2 (b). The signals observed by antenna No. ^can be expressed as
(2.2.3)
Where e. is the Additive White Gaussian Noise (AWGN) observed by antenna No. k.
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Signals observed by the linear antenna array can be written as follows:
X = ^  a{6  ^) s{i) + e = A{6')- s + e (2.2.4)
Where A (6 )  is the signal’s direction matrix and all the column vectors in this matrix are 
independent.
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(2.2.5)
Assume the K'  ^ signal is the desired signal and all the other signals are considered as interference. 
The array observed signal can be expressed as follows
x = a{6^)s{k)+ Y ,a{0^)s{i)+  e
i=\,i=^
(2.2.6)
The first part of equation (2.2.6) presents the desired signal, the second part describes the sum of 
un-wanted signal and the third part is the AWGN.
2.2.1.1 Analogue Beamformer
The beamformer block is the link between the adaptive array antenna and the signal processing 
block. The signal processing block decides the type o f beam needed to be formed and the beam 
former block tells the antenna array how to form the beam. Traditional beam formers can be 
divided into two groups, namely. Analogue Beamformer (ABF) and Digital Beamformer (DBF).
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Figure. 2.3 Typical function diagram of the analogue beamformer [13]
The phase shift and amplitude control are performed by analogue devices in the analogue 
beamformer. Beams are formed by shifting the phase o f the signal emitted from each radiating 
element. The theoretical function diagram of the analogue beamformer is given in Figure. 2.3 and 
the typical structure of an analogue phase shifter is given in Figure. 2.4. An analogue phase shifter 
consists of serial switches and delay lines on a chip [14-17]. The phase shifter provides 
continuous phases increasing/decreasing in the adaptive array antenna.
Control Logi
RFOut
11.2S'
Figure. 2.4 Typical analogue phase shifter
The problem with the delay line is that the phase shift varies in the frequency domain and the 
silicon-based switch will introduce unpredicted phase errors due to the parasitic capacitance. 
Therefore, in recent years, preferences have been given to the use of Micro Electro-Mechanical 
Systems (MEMS) switch performing the circuit switching [18-22].
2.2.1.2 Digital Beamformers
In digital beamformers, the control o f phase shifting and amplitude scaling for each anterma 
element are done digitally [23-28]. A desired phase shift is implemented by multiplying the 
corresponding weight vector in the digital domain. For digital processing, the signal from each 
antenna element is digitized using an ADC. Since radio signals cannot be directly digitized at a
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reasonable cost, digital beamformers use the mixer to down convert the signal frequency before 
the ADC.
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Figure. 2.5 Typical function diagram of the digital beamformer [13]
At the transmission end, the digital weighted signals synthesized by the digital beamformer are 
transformed into inter frequency analogue signals by ADC. After perfonning the frequency up 
conversion in the mixer, the digitally weighted signals can be emitted by each antenna element.
However, the high-resolution ADC dissipates a substantial amount o f DC power. Furthermore, 
since a DBF antenna needs the same number of ADC as the number o f antenna elements, this 
results the increase in the fabrication costs. Due to this reason, the use o f DBF antennas has been 
restricted to military applications or at base stations for terrestrial mobile wireless 
communications.
2.2.1.3 Optical Beamformers
The Optical Beamforming Networks (OBFNs) offer an interesting design for wideband antenna 
arrays, mainly due to their low losses and light weight, high parallel processing capabilities and 
electromagnetic immunity. Nevertheless, for practical implementation, different technological and 
architectural tradeoffs need to be assessed [29]. Optical ring resonators are good candidates to 
provide continuously tuneable delays in the OBFNs for adaptive array antenna systems. Delay 
and splitting/combining elements can be integrated on a single optical chip to form an OBFNs 
[30].
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2.2.2 Beam-Switching Antennas
As illustrated in Figure. 2.6, the beam-switching arrays consist of several pre-defined beams 
pointing in different directions, which is selected by using a butler matrix. Each beam covers a 
unique sector. When users roaming from one sector to the adjacent sector, the smart antenna 
based on signal tracking algorithms operates the switch to connect the receiver with the adjacent 
sector.
Receiver
Figure. 2.6 Theoretical architecture of beam-switching antennas [31]
Beam-switching antennas usually have highly directive beams and simple signal processing 
algorithms. The switching between different pre-defined beams occurs very rapidly. Since the 
beam-switching antennas avoid using the very expensive digital controlled phase shifter, the cost 
of building a beam-switching antenna is generally low.
2.2.3 Parasitic Array Antennas
The main difference between parasitic array antennas and adaptive array antennas is the method 
by which energy is distributed into each radiating element. In adaptive array antennas, energy is 
distributed to each radiating element by the feed network, which consists o f phase shifters, feeders 
and power dividers, etc. In parasitic array antennas, energy is distributed from the driven element 
to parasitic elements by electromagnetic coupling [32-35]. There is no phase shifter used and the 
tuning components are reactance tuneable components such as sliding load [32, 36], PIN diode 
and varactors [37]. The parasitic array antennas employing PIN diodes or switches as the tuneable 
components are called “switched parasitic array antennas” and those using varactors as the 
tuneable components are often referred to the “ESPAR antennas”.
In a parasitic array antenna, the active element, which is connected with the RF front end, is 
surrounded by a number of parasitic elements. Its theoretical architecture is given in Figure. 2.7.
2 2
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Since there is no expensive phase shifter and complex feeding network used, the parasitic array 
antenna is a low-cost solution alternative to the adaptive array antenna. Furthermore, the size and 
the weight o f the parasitic array antennas are smaller than the adaptive array antennas, which 
makes the parasitic array antennas ideal candidates for employment as portable communication 
devices.
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Figure. 2.7 Theoretical architecture of the 7-element ESPAR antennas
As illustrated in Figure. 2.7, all parasitic elements are loaded with tuneable reactance loads, which 
is usually a varactor in most designs. The tuneable reactance loads are controlled by the baseband 
DSP directly. When beamforming, the parasitic array antennas adjust their reactance loads to 
perform the weighted signal synthesis. In the presence o f neighbouring elements, each element’s 
performance depends on not only its own current but also the currents on neighbouring elements. 
The far field radiation pattern is formed by superposition o f the radiation o f all elements in the 
parasitic array antennas.
2.2.3.1 Monopole ESPAR Antennas
One of the most popular parasitic array antennas is the ESPAR antenna. In ESPAR antenna, the 
reactance components used are varactors. Each parasitic element is loaded with a varactor, which 
is controlled by a DC control voltage. The ESPAR antenna can have more than one driven 
element, while the total number o f parasitic element is several times the driven element. In the 
most popular and widely studied “7-elements monopole ESPAR” [31, 38-44], the number of 
parasitic elements is six and the driven element is one. Its theoretical architecture o f the ESPAR 
antenna is given in Figure. 2.8. The monopole antenna at the centre is marked as “0” and is the 
driven element. It is the only element connected with the RF front end. Therefore, there is only 
one set o f Power Amplifier (PA), Low Noise Amplifier (LNA) and mixer, in the driven circuits, 
which can reduce costs significantly. Generally for the same scale adaptive array antenna, seven 
sets o f PA, LNA, mixer and seven phase shifters should be employed. Thus, the ESPAR has been 
investigated widely as low-cost smart antenna solution.
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Figure. 2.8 7-element monopole ESPAR antenna built over a sleeve shaped ground. 0 indicates the 
driven element, 1-7 indicate the parasitic elements [39-40]
All parasitic elements are loaded with tuneable reactance loads, which have been marked as X,, 
X2,...,Xg in Figure. 2.8. By tuning the reactance loads, the surface current along each parasitic 
element can be tuned. Thus, the radiation pattern of the ESPAR antemia can be controlled. All 
parasitic elements are circularly surround the driven element with the radius of a quarter of a 
wavelength. The height of monopoles is a quarter of a wavelength.
The radiation pattern of the ESPAR antenna is synthesized by the complex surface currents along 
all parasitic elements and the driven element. When the structure and the geometry o f an ESPAR 
antenna is determined, its radiation pattern can be numerically deduced by computing the 
complex currents distributed over all elements.
In adaptive array antennas which control the signal amplitude together with the signal phase, its 
radiation pattern is defined upon the signals’ “complex current” domain. In a reactance loaded 
ESPAR antenna, the complex currents can be easily expressed by its “real part” and “imaginary 
part”. The complex current’s distribution over elements of ESPAR can be deduced from its input
impedance matrix. The functional form of the port current vector I is given below [32],[31].
T = ------   (2.2.7)
where denotes the port input impedance matrix.
[Z J = [RJ + v[% J (2.2.8)
and Zj  is the reactive loads matrix for the reactive components’ value tuned at each parasitic 
element.
24
Chapter 2. Overview o f  Smart Antennas
[ZJ =
jX^ 0 0 ... 0
0 jx . 0 ... 0
0 0 jX, ... 0
0 0 0 0
(2.2.9)
Vector V is the feeding voltage vector and for an ESPAR having only one driven element, the 
vector is defined as [45]:
K = [i>„0,0,0,0,0,0]’' (2.2.10)
where is the deeding voltage provided by the single RF front end. The far-field current signal 
in the azimuth direction with its amplitude and the phase is represented as [45].
(2.2.11)
where /  is given in (2.2.7) and a(ç?) is the steering vector determined by relative geometry of 
the parasitic elements.
1
J-^cosC<p)
g
g
e
e
e
.7T . 7T .—COsC^-y)
.7T 2 ^ .7 —COS(<2>---—)
j ^ c o s . i t p —Tr) 
.7T 4 ; ry  — cos(<z>-----— )
.7T . 5:77- .J — ---—)
(2.2.12)
Several papers that have been published about 7-element monopole ESPAR antennas, such as in 
references [45-48], where discusses how the different beamforming algorithms were carried out. 
The references [49-51] present multi-band monopole ESPAR antennas and one example is 
illustrated in Figure. 2.9. The references [52-53] show some wide-hand ESPAR antennas and [54] 
illustrates dielectric loaded monopole ESPAR antenna for size reduction. Their structures are 
given in Figure. 2.10 and Figure. 2.11 for wide-band ESPAR antenna and dielectric loaded 
ESPAR antenna respectively.
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Figure. 2.9 Dual-band ESPAR antenna: (a) 3D structure, (b) side-view \49\
In Figure. 2.9, the dual-band ESPAR antenna uses dual-circle parasitic monopoles to achieve the 
dual-band feature. The parasitic monopoles on the inner circle are designed for 5.2 GHz, due to its 
shorter wavelength compared with 2.4 GHz.
Figure. 2.10 Wideband ESPAR antenna with bi-cone driven and mono-cone parasitic elements [53]
In Figure. 2.10, the driven element used is a bi-cone antenna and the parasitic elements are mono­
cone antennas. Due to the wideband feature of the bi-cone antenna, it has been employed in 
construction of the wideband ESPAR antenna.
Figure. 2.11 Dielectric loaded ESPAR antenna |54j
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In order to reduce the size of the ESPAR antenna, a dielectric loaded ESPAR antenna [54] is 
depicted in Figure. 2.11. Both the driven monopole and the parasitic monopoles are embedded 
into a dielectric cube, which is composed of a material that has a high dielectric constant. The size 
of the dielectric-loaded ESPAR antenna was reduced significantly compared with ESPAR 
antennas in free space. However, the high dielectric constant materials are expensive, which 
makes the antenna expensive. Furthermore, the weight of the antenna significantly increases on 
account of the dielectric cube. Thus, by putting the ESPAR antenna into a high dielectric constant 
material is not the best solution for antenna size reduction. A better solution for the ESPAR 
antenna size reduction needs to be explored.
2.2.3.2 Patch ESPAR Antennas
To reduce the size of monopole ESPAR antenna, especially its height. ESPAR antennas that 
employ patch antennas as the parasitic elements, have been studied and presented in [34, 48, 55- 
57].
z ]  d :
(a) (b)
Figure. 2.12 Structure of a patch ESPAR antenna, (a) the plane view of the ESPAR antenna, (b) the 
side view of one parasitic element [56]
A tv^ pical structure of a patch ESPAR antenna is shown in Figure. 2.12 [48, 55-56]. Six modified 
central grounded hexagonal antennas have been used as the parasitic elements and one in the 
centre as the driven element. Each parasitic patch is loaded with a reactance tuneable component.
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Figure. 2.13 Structure of a 3 element patch ESPAR antenna [58]
A linear ESPAR antenna is constructed with patch antennas as the parasitic elements. This 
configuration has been presented by papers [58-59]. The centre patch antenna is the driven 
element with the parasitic patches allocated on the right and left (see Figure. 2.13). Each parasitic 
patch is loaded with a reactance tuneable component. The reactance tuneable component depicted 
in Figure. 2.13 is a varactor between the antenna feed and the ground plane. With the bias voltage 
range o f OV to lOV, the phase shift that can be achieved is approximately 0°- 250° [58]. The
tuneable angle of this linear ESPAR is 9  over ±  30*  ^in vertical plane as shown in Figure. 2.14.
90
120
Figure. 2.14 Beam-steering of the 3 element patch ESPAR antenna
From Figure. 2.14, it can be seen that the beam-steering angle is small, a disadvantage o f the 
linear ESPAR antennas, which consist of patch antennas as the parasitic elements. For a patch 
antenna, the main beam is orthogonal to the plane where the patch antenna is mounted and the 
radiated energy inside the plane is small. On the other hand, parasitic elements are placed on the 
same plane, which means those parasitic elements cannot be excited efficiently by the driven 
element. Thus, a better parasitic structure for tuning the radiation pattern o f a patch antenna needs 
to be designed.
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2 .1 3 3  Switched Parasitic Array Antennas
The main difference between ESPAR antennas and switch parasitic antennas is whether the 
antenna relies on changing the reactive load on the parasitic elements or switching between open 
circuit and short circuit states in the parasitic elements. For applications that do not require the 
beamforming and continuously beam-steering, the switch parasitic antennas are often used.
By replacing the varactor with PIN diodes, all structures illustrated in chapter 2.2.3.1 and 2.2.3.2 
can be employed by switch parasitic antennas with much simplified control logic.
In Figure. 2.15, the structure of a CP switched parasitic array antenna in the references [55, 57, 60] 
is given. Six dual-feed hexagonal antennas have been used as parasitic elements and the one in the 
centre is the driven element.
#6 #0 #3
X):,
(&) (b)
Figure. 2.15 Structure of a CP switched parasitic array antenna, (a) overall structure, (b) side view. 
155]
In Figure. 2.15, the central element is fed by two orthogonal feeders with a 90° phase difference 
to generate circular polarization. Each parasitic patch is connected to the ground plane via a 
switch. Beam-steering can be achieved by shifting the switch status between open-circuit and 
short-circuit. Beam-steering can be carried out equally through six directions in the azimuth plane. 
One serious issue with this design is the poor axial ratio of the antenna. Thus, a novel CP 
switched parasitic array antenna needs to be proposed to resolve this issue.
2.2.4 Reflectarray Antennas
Microstrip reflectarray technology is an alternative low-cost solution to the more traditional 
parabolic reflector and adaptive array antennas due to its advantages such as low-profile, 
simplified feed system [61-63]. A typical printed reflectarray antenna consists of a flat reflector 
composed of a planar array of microstrip cell elements and a source antenna, which irradiates the 
flat reflector. The cell elements on the reflector are distributed in a matrix, which is similar to the
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structure o f the adaptive array antennas. Each cell element is illuminated (i.e. excited by the 
electromagnetic field) by the source antenna. Therefore, there are no feed networks used in the 
flat reflector, which is a marked difference from the adaptive array antenna. This feature reduces 
design complexity and cost. Similar to the ESPAR antenna, the source antenna is connected only 
to the RF front end. This feature lowers the cost o f the reflectarray antenna even further compared 
with adaptive array antenna. The reflectarray can be mounted conformally on a spacecraft without 
consuming a significant amount o f spacecraft volume and mass. Furthermore, for large aperture 
spacebome antennas, the flat and inflatable reflecting surface can be deployed more easily and 
reliably than the curved parabolic reflectors.
Tuneable printed reflectarray is a fairly new concept and has witnessed great interest amongst 
researchers o f late. The general technique is to control the phase o f the reflection coefficient from 
each cell element on the reflector, as to achieve continuous beam-steering. Thus, designing the 
uni-cell element becomes the most crucial task and the references [64-69] illustrate the techniques 
used to construct the electronically tuneable uni-cell elements.
2.2.4.1 Basic Theory of Reflectarray Antennas
Figure. 2.16 (a) illustrates the geometrical side view of a microstrip reflectarray antenna. The 
source antenna is placed at the focal point to illuminate the flat reflector. When the wave fi*ont 
from the source antenna impinges on the reflector surface, the cell elements on the reflector are 
able to reradiate the incident energy back into space. However, as shown in Figure. 2.16 (a), the 
incident path lengths {Dj, D;, ..., Z)„) from the source antenna to the cell elements differ. 
Therefore, the phase o f the reflection coefficient from each cell element must be able to 
compensate for the path length differences so that the reradiated field from each cell element 
would be in phase and collimated towards a specific direction.
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Figure. 2.16 Side view geometry of a microstrip reflectarray antenna, (a) the side view, (b) the 3D 
view and its coordinate system, 1- indicates the source antenna, 2 - indicates that the flat reflector 
consists of cell elements [62]
The reflected phase-shift from each cell element to produce a collimated beam in a given direction 
is calculated with the coordinate system depicted in Figure. 2.16. The progressive phase 
distribution on the reflectarray surface that produces a beam in the direction (<^,%) is expressed
as follows [62]:
, T/ ) =  -^0  sin  co s sin  6  ^sin (2.2.13)
where, is the propagation constant in vacuum, and (%.,yj is the coordinates of element i. The
reflected phase-shift at each cell element is equal to the phase-shift introduced by each cell plus 
the phase of the incident field, which is the result o f wave propagation from the source antenna. 
This is given by [62]
, R  ) =  , R  ) (2.2.14)
where, is the phase of the reflection coefficient or reflected phase-shift for the element
/, <7. is the distance from the phase centre o f the source antenna to the cell element. From (2.2.13) 
and (2.2.14), the phase-shift required at each cell element is [62]:
A? =  ^0 -  sin  6*^  (%, co s %  +  sin  %  )) (2.2.15)
When designing the reflectarray, the phase of the reflection coefficient must be tuned at each cell 
element to match those phases calculated as per Equation 2.2.19. The phase-shift in Equation 
2.2.19 can be achieved by varying the geometrical parameters of the cell elements. Another
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method is to adjust the length of the transmission line segment, which is connected with the 
printed cell elements.
2.2.4.2 Typical Cell Elements of Tunable Reflectarray Antennas
A typical electronically tunable cell element is illustrated in Figure. 2.17. A slot is etched out of 
the patch antenna as shown in Figure. 2.17 and two varactors are soldered together such that they 
cross the slot and connect the two sides of the patch antenna. The phase of the reflection 
coefficient from the cell element can be controlled by varying the DC voltage to the varactors.
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Figure. 2.17 Topology of an electronically tuneable cell element 166]
Figure. 2.18 presents a varactor cell element for an electronically tuned reflectarray antenna that 
achieves an improved element phase bandwidth relative to designs that employ a single resonance 
for phase tuning. This is accomplished by introducing two resonances in the element whilst 
maintaining a single-layer structure [64].
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Figure. 2.18 Topology of an electronically tuneable cell element |64]
The simulation of this unit cell exhibits phase agility over 380°, 3.5 dB of peak cell loss, and a 2.4% 
phase bandwidth at 5.4 GHz. In addition, it has the attractive features of using only a single 
control voltage as well as having a quasi-linear phase versus voltage characteristics.
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Figure. 2.19 Topology of the cell element with an electronically tuneable stub, (a) Aperture coupled 
patch cell element with tuning stub, (b) Patch element with tuning stub [67]
Figure. 2.19 shows the electronically tuneable cell elements with varactors and the tuning stub in 
series. The cell element in Figure. 2.19 (a) is a three-layered aperture coupled patch antenna. The 
reconfigurable cell element consists o f a microstrip patch, printed on a flexible membrane 
substrate, aperture-coupled to a transmission line loaded with two varactor diodes. The two 
varactors are used to control the reflected phase and the cell element allows continuous tuning o f 
the reflected phase over 360° range with a maximum loss o f 2.4 dB at 5.4 GHz. The advantage o f 
this structure is that all tuning components, varactors in this case, are soldered on the back of the 
ground plane which prevents an interaction with the incoming field.
2.2.5 Brief Summary of Smart Antennas Architectures
The adaptive array antennas, as the earliest prototype o f a smart antenna, can fulfil all the tasks 
placed for smart antennas. However, it has the disadvantage o f high-cost and bulky size. The 
ESPAR antenna and the electronically tuneable reflectarray antenna are two low-cost alternatives 
to the adaptive array antennas when designing smart antennas. The ESPAR antenna employs a 
single RF frontend and there are no expensive phase shifters used. Therefore, both the cost and 
power consumption o f the ESPAR antenna are low and compared with the electronically tuneable 
reflectarray antenna, the ESPAR antenna is smaller.
However the size o f current design of the ESPAR antenna still too large for portable applications. 
The bandwidth o f current ESPAR need to be further improved.
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2.3 M easurem ent M ethodology o f  the Sm art A ntennas
When designing second and third generation wireless systems, smart antenna capability is 
considered an add-on feature wherein smart antennas are benchmarked against traditional 
antennas (usually omni-directional antennas). In making these comparisons, the system level 
parameters such as Bit Error Rate (BER) and channel capacity are used as critical parameters. 
However, these system level parameters cannot directly describe an antenna. For the system 
designer and user, the parameters o f an antenna such as antenna gain, efficiency and radiation 
patterns must be measured and known before planning the link budget.
Therefore, the measurement methods to evaluate smart antennas have been divided into two steps 
in practical [70-75]. Firstly, under particular circumstances such as multipath fading and co­
channel interference, smart antennas are measured together with a transceiver obtaining the 
system level critical parameters such as BER, throughput and Cumulative Distribution Function 
(CDF). The control weight, at which the beamforming algorithm converges, is recorded by the 
DSP controller. Secondly, the smart antenna is measured again in an anechoic chamber with the 
recorded control weight. In the second step, the antenna parameters, such as the radiation pattern, 
efficiency, antenna gain, main lobe beamwidth, side lobe level, axial ratio (for circular 
polarization) and cross polarization levels, are to be obtained.
Using this two-step process, smart antennas are measured indirectly. Since both the FEC coding 
and modulation type of the transceiver affect the BER, throughput and CDF, the control weight 
related to the these parameters is also affected. Furthermore, different power settings for the 
desired input signal and interference will result different BER, throughputs, CDF and control 
weights. Quite often, the control weights obtained from the two-step method are unable to provide 
a good indication of the performance of smart antennas. When the interference is too large 
relative to the desired signal, the beamforming iteration is unable to start. On the other hand, if  the 
interference is not large enough, the beamforming algorithm may converge with a lower SIR and 
consequently the DSP controller will stop searching for a better SIR which may be available. 
Consider for instance a smart antenna whose best SIR is 20 dB. If the beamfonning algorithm can 
converge with 10 dB SIR, then the DSP controller will consider 10 dB as the SIR o f the antenna. 
Thus the 20 dB SIR will not be measured resulting in an incorrect evaluation o f the antenna 
performance. Thus, this two-step method needs to be improved when evaluating smart antennas. 
The adoption o f smart antenna techniques in future generation wireless systems requires that the 
smart antenna is an inherent part of the system. Its success relies on two considerations: firstly, 
the smart antennas need to be considered very early in the design phase [1]; secondly, the smart 
antenna performance must be evaluated directly by parameters such as radiation pattern, SIR, 
FBR, efficiency and beamwidth.
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2.3.1 Measurement Facilities
2.3.1.1 Far-Field Measurement Facility
The far-field pattern can be measured on the surface of a sphere with a constant radius around the 
antenna under test (AUT) in an anechoic chamber. The radiation patterns o f antennas are 
measured in three-dimensions and usually displayed in 2-D cuts on the principal planes (E and H 
planes). These are presented as amplitude patterns defined by the vector sum of the two 
orthogonally polarized radiated field components.
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Figure. 2.20 The 3D measurement anechoic chamber in NPL
Figure. 2.20 illustrates the smart-chamber at the National Physical Laboratory (NPL), UK. It is a 
3D measurement anechoic chamber, which provides a free-space measurement environment. All 
walls are completely covered by a polyethylene foam pyramidal absorber with nonnal incidence 
reflectivity of greater than -  40 dB above 400 MHz. The dimension of the chamber is 7.15 
m 6.25 m 6.25 m and the chain her contains an azimuth and elevation positioned system.
2.3.1.2 Near-Field Measurement Facility
The radiation pattern of an antenna can be measured within its near field as well, especially for 
low frequency antennas. Near-field measurement techniques are a practical application o f the 
Huygens’s principle [76-81]. This fundamental law of electromagnetic states that given only the 
electromagnetic fields due to one or more sources over a surface enclosing these sources, the field 
can be detennined exactly everywhere outside this surface. Since the mid-1970’s when efficient 
electromagnetic algorithms were developed, Spherical Near-Field measurements have been 
recognized as a very accurate approach to measure antenna radiation characteristics [81-82].
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Figure. 2.21 The near-field radiation pattern measurement system from Satimo
Figure. 2.21 shows the near-field radiation pattern measurement system from Satimo. The system 
consists of a spherical near-field circular probe array, which can generate the full elevation cuts 
and 3D radiation pattern measurements within a few minutes.
Although spherical near-field measurements are fairly probe-insensitive, low-cost, easy to build 
and allows to measure any type of antenna. However, for testing large gravity sensitive antennas 
the movement of the antenna under test becomes restrictive. Also, the data processing is 
significantly more complex than that for planar near-field test. The planar near-field test is used 
for antennas with high directivity. The main attraction of this measurement scheme is that the 
antenna under test remains stationary during testing. For large spacecraft antennas this is often the 
only feasible approach. The data processing is simpler, and the alignment procedures are easier to 
implement.
Beside the spherical and the planar near-field measurements, the Cylindrical near-field test is 
another near-field measurement technique. In Cylindrical near-field measurements, a cylindrical 
surface is described around the antenna. The antenna under test is mounted on a single axis rotator. 
The near-field probe is moved along a line parallel to the axis of rotation. By rotating the antenna 
and moving the probe in the Y direction, a cylindrical surface is measured and a grid of field 
samples can be taken along azimuth and Y. It is ideally suited for base station type antennas, who 
radiate in an omni-directional fashion in one plane with little energy radiated upwards or 
downwards.
2.3.1.3 Radiation Efficiency Measurement Facilities
The radiation efficiency of an antenna can be expressed as the relationship between the total 
radiated power of the antenna and the total input power as:
= F //ic e n c y  * Powennput
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As mentioned before, in a calibrated anechoic chamber or an anechoic chamber with a calibrated 
reference antenna, the efficiency of antenna can be calculated after a radiation pattern 
measurement is done. For small antennas, there are other equipment that can measure the 
efficiency of an antenna, the Wlieeler Cap [83-85] being one such equipment. The Wheeler 
introduced the method for detennining the radiation efficiency of antennas by performing two 
measurements, the first one in free space and the second one within a closed sphere [86].
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Figure. 2.22 Wheeler Cap method for antenna efficiency measurement [861
The Wheeler Cap method considers the antenna at resonance frequency as two series resistances: 
the radiation resistance Rrad and the loss resistance Ri. The first measurement delivers the sum of 
both contributions Rfree, the second measurement delivers Reap. The schematic of the Wheeler Cap 
method is given in Figure. 2.22. The Wheeler Cap method works under the assumption that the 
current distribution that a small antenna will not be significantly disturbed when the antenna is 
placed inside a metal cap. The cap then eliminates all radiation and thus also eliminates the 
radiation resistance Rrad- To obtain accurate results, cavity resonances must be avoided [87].
2.3.2 Figure of Merit
2.3.2.1 Bit Error Rate
In digital communication, the bit errors can be caused by the noise, interference, distortion or bit 
synchronization errors when the data stream is transmitted over a communication channel. The 
Bit Error Rate (BER) is the number of bit errors divided by the total number of transferred bits 
during the sampling time interval [88], and it is often expressed as a percentage. The BER can be 
used to evaluate different antennas’ performance when they are embedded with the same 
transceiver, hi a propagation environment, the antenna that results in the lowest BER should be 
chosen and embedded with the transceiver .
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23.2.2 Throughput
In communication networks, throughput is the average rate of successful data delivery over a 
communication channel. This data may be delivered through a physical or logical link, or pass 
through a certain network node. The throughput is usually measured in bits per second (bit/s or 
bps), and sometimes in data packets per second or data packets per time slot [89]. The throughput 
can be used to determine which antenna suits the wireless channel the best. The antenna, which 
achieves the highest throughput, should be chosen and embedded with the transceiver.
2 3 ,2 3  Cumulative Distribution Function
As in probability theory and statistics, let X  denote a random variable. The CDF is defined as the 
probability o f the variable X  being less than or equal to x. The CDF is also used to specify the 
distribution o f multivariate random variables. The CDF is usually used to determine smart cell 
plans. This value is significantly affected by the performance o f the antenna, therefore, the CDF is 
a system level parameter that can be used to compare different antennas under different 
propagation environments.
2.3.2.4 Radiation Pattern, Directivity and Antenna Gain
The radiation pattern characterizes the relative strength o f the radiated field in every direction in 
the far-field region from the antenna. The radiation pattern is measured in 3D dimensions and is 
usually plotted in 2 dimensions along the horizontal or vertical cuts. It describes the distribution 
of electromagnetic energy around the antenna. The radiation pattern is the basic parameter that 
characterizes the performance o f an antenna. In a calibrated chamber or in a chamber with a 
calibrated reference antenna, the antenna gain, directivity, 3dB beam-width, axial ratio (for 
circular polarization) and cross-polarization levels can be easily deduced from its radiation pattern. 
Directivity is defined as the ratio of the radiation intensity at a given angular direction to the 
radiation intensity averaged over all directions [12]. If losses are considered in the antenna 
structure and feed circuitry, then directivity becomes the antenna gain.
2.3.2.5 Main Lobe, Side Lobe, Side Lobe Level and Beamwidth
In the radiation pattern, the main lobe refers to the angular regions where the direction of 
maximum radiation is concentrated. Beamwidth is used to measure the angular width o f the main 
lobe.
•  The Half-Power Beamwidth (HPBW) (also known as 3 dB beamwidth) gives the angular 
separation o f points where the radiated power dropped to one-half o f the maximum value.
•  The First Null Beamwidth (FNBW) gives the angular separation between the first nulls of the 
main lobe of the radiation pattern.
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Side lobes refer to lobes radiated in directions different from the main lobe whilst occupying the 
same hemisphere o f the main lobe. The side lobes are undesirable and can hinder the performance 
of antenna in directional systems such as radar and GPS. The reduction o f side lobe power to 
reduce interference is one o f the principal focus o f smart antennas.
The Side Lobe Level (SLL) is a measure of how well the radiated power is concentrated in the 
main lobe. The SLL is defined as the ratio o f the peak value o f the side lobes relative to the 
maximum value of the main lobe.
2.3.2.6 Scan Angle
Some applications require that the main lobe of smart antennas be directed at a particular angle. 
The scan angle is the maximum angular separation between all possible steered beams. It is an 
important parameter for smart antennas. The typical scan angles are 120° and 360° for sector 
coverage smart antennas and omni-coverage smart antennas respectively.
2.4 Issues w ith  State-of-the-A rt o f Sm art A ntennas
Originally, the adaptive array antennas were introduced by military applications for radar 
technology. Subsequently, they were adopted in communication systems via the smart antennas. 
Therefore, some features o f adaptive array antennas, such as the sharp and narrow beam and ultra 
high gain, are not essential in all communication systems. Furthermore, different communication 
systems have their individual requirements for smart antennas and the smart antennas should be 
optimized according to the unique demand from different applications.
For example, commercial electronics are sensitive to the cost and size o f the smart antennas and 
hence require small and low-cost smart antennas. For routers and base stations, antenna gain 
becomes the critical parameter and the smart antennas should be designed so as to balance 
antenna gain and size. For satellites, antenna gain and cost are a higher priority than antenna size. 
As a summary of this chapter, the main shortcomings in the current state o f the art are listed 
below, and this thesis aims to address these problems in the following chapters.
Firstly, smart antennas composed o f adaptive array antennas are too expensive and bulky although 
often used by the base stations. For example, smart antennas are deployed in the Time Division- 
Spatial Division Multi-Access (TD-SCDMA). The SDMA enabled by the smart antennas makes 
TD-SCDMA superior to the conventional CDMA. A typical sector smart antenna used in TD- 
SCDMA system has four elements and each element is constructed by four half-wave dipoles, so 
that this smart antenna can produce a 90° broadcast beam with a gain of 14 dBi. The gain 
variation in the range of central half power width o f the beam is 2 dB; it can also produce a 
service beam whose half-power width is 25° with a gain o f 17.8 dBi. Thus to apply smart
39
Chapter 2. Ovei'view o f  Smart Antennas
antennas in the field o f portable commercial electronics, the ESPAR antenna is the better choice. 
The ESPAR antenna are low-cost solution alternatives to the adaptive array antennas and will be 
addressed in detail in this thesis. However, the ESPAR antennas, in their present form, are large, 
which does not allow them to be embedded in portable devices. Therefore, the first target is to 
reduce the size o f ESPAR antennas.
Secondly, the small antennas usually suffer from the low antenna gain. Therefore, techniques that 
can increase antenna gain must be developed. Thus, there is a requirement for antenna gain to be 
constant or even increased when reducing the size o f ESPAR antennas.
Tliirdly, the current structure o f the CP switched parasitic array antenna suffers from the 
drawback whereby the parasitic elements cannot be excited efficiently. As a consequence, this 
results in small beam-steering angle and poor axial ratio. Therefore, new structures must be 
explored for CP ESPAR antennas regarding a better axial ratio and larger beam-steering angle.
Fourthly, the radiation patterns of current MEMO antennas are fixed and the steerable patterns can 
increase the diversity gain for MIMO antennas. Introducing the beam-steering feature into the 
MIMO antenna are explored in this thesis.
Finally, the current smart antenna measurement methodology measures the smart antenna using a 
two-step process. In the first step, when the beamforming algorithm iterations are performed, the 
antenna is measured indirectly via system level parameters. The purpose o f this step is to record 
the control weights at which the beamforming algorithm converges. Then in the second step, the 
antenna is operated with the recorded control weights and measured to obtain its radiation pattern 
and SIR towards a particular angular position. To reduce the measurement time and overcome the 
shortages of this two-step method, which has been illustrated in the overview, the new 
measurement methodology that can evaluate the radiation pattern of the antenna and SIR plot 
during the beamforming algorithm iteration are proposed in this thesis.
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Chapter 3
3 Low-Cost and Low-Profile Smart Antennas
3.1 Sm all and L ow -C ost Folded-M onopole E SPA R  A ntenna
A low-cost low-profile and low-power consumption small smart antenna is proposed in this 
chapter for wireless terrestrial communication such as the WLAN and cellular service network.
As mentioned in the overview in Chapter 2, the traditional smart antennas are expensive due to 
each radiating element is equipped with an RF front end composed of an RF amplifier, RF filters 
and a mixer, as well as an ADC. The signals received by each radiating element are down- 
converted to baseband signals and digitized individually. Digitized signals are fed into a DSP 
controller where the beamforming algorithms reside. But the commercial electronics requires low- 
cost smart antennas. Therefore, the ESPAR antenna, which is the low-cost solution alternative to 
traditional smart antennas, is used in this chapter to construct the small smart antenna for 
commercial terrestrial communication application.
To reduce the size o f the ESPAR antenna, a top-disk loaded monopole and six folded monopoles 
are employed as the driven element and parasitic elements respectively. The small smart antenna 
in this chapter is called “Folded Monopole-ESPAR (FM-ESPAR) antenna”. The heights o f the 
top-disk loaded monopole and folded monopoles are reduced to be less thanlo/lO (where Ao is the 
free space wavelength) by using the capacitive loading technique. An equivalent circuit model is 
proposed for analyzing the antenna. To validate the concept, a prototype, which operates from
2.3 GHz to 2.55 GHz, is constructed and measured. The measured results confirm that the FM- 
ESPAR antenna can achieve electronically beam scanning in horizontal plane from 0° to 360°. 
The prototype antenna achieves a gain of 4.0 dBi and a FBR o f 15 dB. Furthermore, the 
beamforming is achieved by controlling the DC voltages supplied to the varactors that soldered 
between each folded monopole and the ground plane.
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3.1.1 Antenna Analysis and the Design Procedure
An ESPAR antenna consists of one driven element and several parasitic elements with reactive 
loads. It is a promising structure for low-cost low-power consumption smart antennas as there are 
no expensive phase shifters used and only one radiating element is connected with the RF front 
end, which can ease the work of designing a feeding network. The phase tuning can be achieved 
by adjusting the control voltages supplied to the varactors [32-33, 35, 90]. A typical functional 
block diagram of a 7-element ESPAR smart antenna is given in Figure. 3.1.
S1g)+S2(t)+...+S7(t)
*
Local Oscllator
Receiver
Reacftw  
■oad Control
Figure. 3.1 Functional block diagram of a 7-element ESPAR smart antenna system
In Figure. 3.1, the driven element is connected to the RF front end. Six parasitic elements are in 
series with reactive loads. Signals received by the parasitic elements are fed to the driven element 
by coupling. The received signal is down converted in the mixer and digitized by an ADC. The 
digitized signals are then fed into a receiver. The ESPAR antenna comprise seven monopoles has 
been studied in [31, 38-44, 50, 54]. One monopole is placed in the centre as the driven element 
and six monopoles equally separated on a circle surrounding the centre. The six parasitic 
monopoles enable the beam of the ESPAR antenna to be swept in the horizontal plane. Usually, 
the distance between the driven element and the parasitic elements is one-quarter wavelength, 
leading to an antenna whose diameter is one-half wavelength at the least. Such a smart antenna 
would, however, be too big for the application on a portable tenninal. Thus the size o f the 
monopole ESPAR antenna need to be reduced while possessing its performance unchanged.
3.1.1.1 FM -E SPA R  A ntenna
In order to reduce the height o f the monopole ESPAR antenna, the folded monopole antennas are 
used as the parasitic elements, which are bent toward the driven element at the centre and 
providing the capacitive loads to the driven element. By taking the advantage o f the capacitive 
loading, the height of the ESPAR antennas is reduced to 12.5 mm, which is less than Ao/10 at
2.4 GHz. Thus a tightly coupled FM-ESPAR antenna is constructed. The driven element at the
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centre is a top-disk loaded short monopole antenna. The side view and the plane view of the 
antenna is given in Figure. 3.2 (a) and Figure. 3.3 respectively.
K M
(a) (b)
Figure. 3.2 (a) Side view of the FM-ESPAR antenna. (1) Top-disk loaded monopole as the driven 
element (2) Folded monopoles as parasitic elements (3) Sleeve ground, (b) 3D view of the FM-ESPAR 
antenna.
In Figure. 3.2 (a), the top-disk loaded monopole at the centre is connected to a 50fl RF port. The 
six folded monopoles surrounding the driven element serve as reflectors. Each folded monopole is 
connected to the ground plane through a varactor. Pattern synthesis is determined by the surface 
currents on all radiating elements. The surface currents are controlled by varying the DC voltages 
supplied to the varactors. In order to increase the capacitive load, the distance between the driven 
element and the parasitic elements is reduced, thus reducing the radius of the ESPAR antenna.
Figure. 3.3 The Plane view of the FM-ESPAR antenna, (a) Top-disk loaded monopole as the driven 
element, (b) Folded monopoles as parasitic elements marked with numbers from 1 to 6 and its 
corresponding angle, (c) one-quarter wavelength high impedance transmission line isolating DC 
control line and DC filter from monopole
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The sleeve ground plane is a optional component and the purpose o f using the sleeve ground 
plane is to tune the direction of maximum radiation into horizontal plane [38]. The height of the 
sleeve ground plane in Figure. 3.2 is one-quarter wavelength.
3.1.1.2 Equivalent C ircuit A nalysis
When designing an electrically small antenna composed o f tightly coupled segments, it is 
important to know the radiation resistance o f each part. For a top-disk loaded short monopole over 
a sleeve ground, its surface current is assumed to have a linearly tapered distribution [91]. The 
short monopole and the sleeve ground plane form a quasi-balanced radiating structure. This short 
monopole and its image in the sleeve ground are treated as a short dipole. The total radiated 
power equals to the square o f the Root-Mean-Square (RMS) current times the radiation resistance 
[91], thus.
€ Yin
and the radiation resistance in free space is given by.
R . (3.1.1)
Y
C n
=  790
C o j A,
(3.1.2)
where is the permeability of free space, is the permittivity of free space,/? is the wave 
number defined as /? =  I n f l ^, is amplitude of the average current on the monopole, is
amplitude o f terminal current at the feed. L is the total electrical length of the short monopole and 
its image. The physical length o f the short monopole is represented by and L  =  .Fora
linearly tapered distributed surface current along the short monopole, I ^ j l ,  and
K  drive»  = 1 9 7 . 4
2L. \ r= 790 L Ant (3.1.3)
At 2.4 GHz, the height o f l/lOmonopole is 12.5 mm. Table-3.1 gives the calculated radiation 
resistance and simulated input impedance for top-disk loaded short monopoles with heights 
12.5 mm and 11 mm. The short monopole is simulated in Computer Simulation Technology 
Microwave Studio (CST-MS) with a top-disk radius o f 4mm and a sleeve ground plane o f height 
30 mm and radius 22.5 mm.
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La. I
B
C
Varactor Loading Port
Figure. 3.4 Geometry of the ESPAR antenna showing the driven top-disk loaded monopole and two of 
the parasitic folded monopoles. The folded monopoles are divided into three sections (A, B and C) as 
described in the text
Table-3.1 shows that the relation between electric length L and mechanical length 
(L  =  ) is a reasonable assumption.
T a b le-3.1
Frequency
Monopole
Height
(mm)
Radiation
Resistance
(Q)
Simulated 
Input Impedance 
(Real part Q)
2.40 GHz
12.5 7.90 8.16
11.0 6.11 6.17
2.45 GHz
12.5 8 J3 8.40
11.0 6 3 8 6 3 2
2.50 GHz
12.5 83 0 835
11.0 6.64 6A7
From this point onward in this section, the antenna parameters are calculated at 2.4 GFlz. In 
Figure. 3.4, the folded monopoles are divided into three different radiating sections: A, B and C. 
The length o f each segments are La = 7 mm, 1^ = 13  mm and Zc = 11 mm. The folded monopoles 
shown in Figure. 3.4 are fed by the driven element through coupling. Since the driven monopole 
has only none-zero magnetic field in the horizontal plane, Segment A and Segment C can be 
excited and capable of providing “impedance load” for driven monopole. The total power coupled 
from the driven monopole to one of the folded monopoles is
^ c o u p le d  = P a + P b ^ P c  =
I R r  _ p a r  a
where Pa,Zb and Pq represent the power coupled from the driven element to each section o f the 
folded monopole and Pb = 0. The current standing wave along the parasitic monopoles is 
considered to be a sine function with its zero point at the centre of section B. is the parasitic 
radiation resistance of the parasitic folded monopoles and 7 represents the amplitude o f terminal 
current at “varactor loading port” given in Figure. 3.4.
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I  = O . l l T (3.1.5)
where Xb is the length o f section B and Lq is the length o f section C as shown in Figure. 3.4. 
(Please also refer to Appendix-I. )
The power coupled from the driven element to sections A and C of the parasitic elements, , and 
Fç. are [91]:
-  127T
p  _  U P  c 4
V 12/r
(3.1.6)
(3.1.7)
where
I I(Z.g/2)^ ( /^  s i n  x)càca v  A
I f
(Zc+Zg/2)^
(Xg s i n
av  C
0.48X_
0 .5 6 /
(3.1.8)
(3.1.9)
Substitution (3.1.5)-(3.1.9) into (3.1.4) yields the parasitic radiation resistance for the folded 
monopole shown in Figure. 3.4.
V I \
(3.1.10)
Where K=Lc!La is the ratio between the length o f segment C and the length o f segment A. From 
(3.1.10) yields Xr_para== 16.74 £1 when Xc = 11 mm.
No.6
n: No.1
Figure. 3.5 Mutual coupling equivalent circuit of folded monopole ESPAR antenna
Figure. 3.5 shows an equivalent circuit representing the mutual coupling in the FM-ESPAR 
antenna. The six parallel elements connected across the secondary coil o f the transformer 
represent the six parasitic folded monopoles (Although not shown completely at the secondary
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coil of the transformer it is noted that there are six parallel parasitic elements in the equivalent 
circuit. The varactor used is the Toshiba 1SV287FCT-ND and a general equivalent circuit o f the 
varactor is given in [92]. At 2.4 GHz, the varactor has an insertion resistance of about 2 H at 2 V  
DC bias and 150 D at 22 V DC bias. If a 22 V DC voltage is supplied to one varactor and a 2 V  
DC voltage is supplied to the other five varactors, then the total resistive load observed by the 
secondary coil in Figure. 3.5 is
=  3 .6 6  0  (3.1.11)Q ( l 4 . 3  +  2 ) j  + ( 1 5 0  +  1 4 .3 )-'
The equivalent circuit in Figure. 3.5 is based upon the radiation resistance. The driven element is 
connected with 50 D RF port and is represented by its radiation resistance Rr_driven = 6.11 ^  when 
Xc = 11 mm. The coupling between the driven element and the parasitic elements is represented 
by a transformer in Figure. 3.5. The voltage over the primary coil is defined as U\ and the voltage 
over the secondary coil is defined as U2. The ratio o f D] and U2 is
U j U ^ = n  (3.1.12)
When there is no energy lost in the transformer
U"  _  U:
( 5 0 - R , ,  driven)
2 r/2
(3.1.13)
Substituting (3.1.12), Xr dnven and Zl into (3.1.13) yields
77 « 3 . 4 6  (3.1.14)
The voltage across the primary coil is rewritten as u^= 3.46 U and the voltage across the secondary 
coil is rewritten as U ^-U  • For a lossless two port network with its input voltage o f V _in = 3.4617 
and its output voltage o f v_out = U, its reflected voltage is
V  _ r e f le c t  =  \Z
(K_m)=' ( K o w f ) : =  3.31(7 (3.1.15)
Where Z is characteristic impedance o f standard vector network analyzer. Therefore as a two-port 
network with its input voltage and output voltage ratio V_in! V_out^3A6  ,its reflection 
coefficient F is
r  =  1 7 ^ : ^  =  0 .96 (3.1.16)
V_i n
When consider the coupling between the driven element and the parasitic elements as a wave 
propagating through a transmission line, its model is given in Figure. 3.6 and its load is 
Z^  = 3.66 n.
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Figure. 3.6 Transmission line model for coupling between the driven element and the parasitic 
elements
The characteristic impedance Zq o f the transmission line as shown in Figure. 3.6 can be calculated 
from
z  - C t £ zjCq — Z/T ( 3 . 1 . 1 7 )
1 - r
Substituting (3.1.16) and Z l = 3 . 6 6 Q  into (3.1.17), yields the characteristic impedance 
Zq — 168.13 f2.
A equivalent circuit model representing the coupling effect between the top-disk loaded monopole 
and section A of the folded monopole is shown in Figure. 3.7(b). The characteristic impedance of 
the equivalent model is given by (3.1.18).
1/10 1/10 A
7 7 7
Figure. 3.7 (a) Structure to which equivalent circuit is applied (h) Distributed parameter equivalent 
circuit, (c) Bird-eye view of the geometry of the distributed capacitance between radiators
The distributed inductance and distributed capacitance of the model is given by [93]
L' =  ^ l n ( 2 — )
7t D
0 = S q 71
1
( 3 . 1 . 1 8 )
( 3 . 1 . 1 9 )
( 3 . 1 . 2 0 )
Where D  is the wire diameter and d  is the distance between the folded monopole and driven
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monopole. The relation between distributed inductance I'in  (3.1.19) and Z in (3.1.18) is L = L'. 
Distributed capacitance C  varies with equivalent distributed conductance proportionately. The 
insertion resistance o f the varactor would determine the equivalent distributed conductance as it is 
the only tuning component. In Figure. 3.5, the varactor reports a 2 0. insertion resistance when 
applied with 2 V DC control voltage and a 150D insertion resistance when applied with 22 V DC 
control voltage. Thus the ratio of distributed capacitance o f these two status is
^r_parc x  1 0 0 % =  8 9 .3 2 %  (3 .1 .2 1 )
C  2  +
^  =  — ^ £ 2 2  X 100%  =  1 0 .0 4 %  (3.1.22)
C  1 5 0  +  i ? ,„ „ „
Where c f  is equivalent distributed capacitance when the varactor is supplied with 2 V DC control 
voltage and Q 'is equivalent distributed capacitance when the varactor is supplied with 22 V DC 
control voltage. For the basic mode o f operation o f the antenna, there are five varactors operated with 
2 V DC control voltage and one varactor operated with 22 V DC control voltage. So as to there 
are five c,' and one c /  in Figure. 3.7(c). Therefore the capacitance in (3.1.18) equals
C  =  5 C \ + C \  =  4 .5 7  C  (3.1.23)
Substituting (3.1.19), (3.1.20) and (3.1.23), Zo= 168.13 D, and D = l m m  into (3.1.18), one 
obtains a value of J  = 9.98 mm for the distance between the driven monopole and the parasitic 
monopoles.
3.1.1.3 O ptim ization process
After roughly calculated the key parameters such as the antenna height and the distance between 
driven monopole and folded monopoles, a simulation is performed by using CST-MS. The 
optimization process is performed when there are five varactors applied with 22 V DC voltage 
and one varactor applied with 2 V DC voltage as shown in TABLE-3.3. Since the size o f the
ground plane will affect the radiation pattern of the antenna, the size o f the sleeve ground plane
given in Figure. 3.2 (a) is fixed with radius o f 25 mm and length o f 31 mm.
The driven element is directly connected to a SMA connector penetrating a 1.6 mm thick FR4 
PCB board as shown in Figure. 3.8. The mechanical dimensions o f the antenna are given in Table-
3.2 as calculated using the equivalent circuit and simulated using CST-MS.
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GND GND
Figure. 3.8 Illustrative diagram for the connection of the antenna structure with SMA connector and 
varactor: (1) 50 Ohm SMA Connector, (2) Driven element: top-disk loaded monopole, (3) FR4 
substrate, (4) Varactor, (5) Parasitic element: folded monopole, (6) Ground plane.
T ab le -3 .2  
S t r u c t u r e  PARAMETERS c o m p a r iso n
Structure parameter Simulated by 
CST-MS
Calculated by 
Equivalent Circuit
Height of 
ESPAR antenna
11.10 mm 
(9.5+1.6 )
11.00 mm
Total length of 
folded monopole
30.60 mm 
(29+1.6)
31.00 mm
Distance between the driven 
and parasitic elements
10.40 mm 9.98 mm
Table-3.2 shows that parameter values calculated using the equivalent circuit agrees with the 
values obtained from the CST-MS simulation.
3.1.2 Simulated and Measured Radiation Patterns
The proposed FM-ESPAR antenna has a tightly coupled structure, whose input impedance is 
sensitive to the changes in the reactive loads. In order to secure a reasonable gain, the antenna is 
matched for the primary pattern mode, which is defined by supplying one varactor with a 22 V 
DC control voltage and the other five varactors with 2 V DC control voltages. The comparison 
between measured and simulated reflection coefficient is given in Figure. 3.9.
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Figure. 3.9 Measured and simulated S l l  parameter of proposed ESPAR antenna
Ta b le-3.3
B eam  direction  and  co ntrol  vo lta ge  co nfig ura tion
Beam Direction V1(V) V2(V) V3(V) V 4 v y V5(V) V6(V)
30° 22 2 2 • 2 2 2
90° 2 22 2 2 2 2
150° 2 2 22 2 2 2
210° 2 2 2 22 2 2
270° 2 2 2 2 22 2
330° 2 2 2 2 2 22
The beam directions and its control voltages configuration are given in Table-3.3. The positions 
of the control voltages are shown in Figure. 3.3.
3.1.2.1 Primary Pattern Simulation and Measurement
The radiation pattern measurements on the proposed FM-ESPAR antenna were made at the far- 
field measurement facility NFL, U.K. The radiation patterns were measured by using a Vector 
Network Analyzer (VNA) through an Opto-Electric Field Sensor (OEFS) system [94-99], which 
consists of an RF-to-optical transducer, optical fiber and an OEFS controller. The antenna is 
connected to the RF-to-optical transducer and then to the OEFS controller via the optical fiber. 
The OEFS system transforms the RF signal into an optical signal within the NPL small antenna 
test range and converts it back to a RF electric signal for input to the VNA. This allows non- 
intrusive antenna pattern measurements by eliminating unwanted common mode effects that 
would be introduced by using a coaxial cable to feed the antenna under test. This approach is 
particularly useful for the measurement of electrically small antennas.
The DC control voltages for the varactors are supplied by a “general DC power supplier”. The DC 
power supplier is placed on the turntable and covered by radio wave absorbing material. The DC
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control line is isolated from the parasitic element by using a one-quarter wavelength high 
impedance transmission lines as shown in Figure, 3.3.
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Figure. 3.10 Radiation pattern of the FM-ESPAR primary pattern at 90°.
One primary patterns located at 90° is shown in Figure. 3.10 [100-101]. The measured gain is
3.3 dBi and FBR is 11.30 dB. The radiation patterns steered to 30°, 90°, 150°, 210°, 270° and 330° 
using the voltage configurations given in Table-3.1 are shown in Figure. 3.11. Asymmetry o f the 
patterns is mainly caused by fabrication asymmetry.
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Figure. 3.11 Measured radiation patterns of the FM-ESPAR antenna (A) steered at 30°, (B) 
steered at 90°, (C) steered at 150°, (D) steered at 210°, (E) steered at 270° and (F) steered at 
330°
3.1.2.2 Enhanced Pattern Measurement
In order to increase the FBR, The adaptive back lobe cancellation method has been studied in 
[102], According to the calculation, when applying the control voltage vector {23 V, 15 V, 3 V, 3 
V, 3 V, 15 V} to the varactors, the back lobe could be reduced and the gain be optimized. The 
radiation pattern achieved under these control voltages is defined as “enhanced pattern”.
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Figure. 3.12 Radiation pattern of the FM-ESPAR antenna enhanced mode
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The radiation pattern o f the enhanced pattern is given in Figure. 3.12. The maximum gain o f the 
enhanced pattern is 4.0 dBi and the FBR is 20.0 dB.
3.1.2.3 Radiation Pattern Versus Frequency
The proposed antenna reports an impedance bandwidth o f 150 MHz, where Sn is below -10 dB, 
as shown in Figure. 3.9. But for any single control voltage vector, the bandwidth over which the 
antenna exhibits a useful radiation pattern is not as wide as its impedance bandwidth [42, 103- 
104]. This is because the radiation pattern of the ESPAR antenna is affected by both the relative 
position o f the radiators and the varactors used for the pattern synthesis. Therefore, the radiation 
pattern o f the proposed folded-monopole need to be studied at different frequencies.
360
330
315 45
300 60
285
270 -25
255 \ @ 105
240 120
225 135
210 150
T65
180
—O - 2.35GHz ...& 2.45GHz • •  •  •  2.50GHz
Figure. 3.13 Measured radiation patterns at different frequencies with control voltage vector 
{2.4 V, 2.4 V, 2.4 V, 2.4 V, 21.5 V, 2.4 V}
The variation o f the radiation pattern of the antenna defined by the control voltage vector {2.4 V,
2.4 V, 2.4 V, 2.4 V, 21.5 V, 2.4 V} is presented in Figure. 3.13 at different frequencies. The best 
FBR and minimum back lobe observed at 2.5 GHz. At 2.45 GHz and 2.5 GHz the gain is 4.0 dBi, 
which is acceptable. Whereas at 2.35 GHz the gain is -1 dBi, which is not acceptable. Therefore, 
the control weights o f the FM-ESPAR antenna corresponding with different frequencies must be 
optimized individually.
After the physical structure o f the antenna is determined, its resonant frequency can be tuned by 
changing the control voltage vector supplied to the varactors. In this way the proposed antenna is 
able to cover a wider frequency range [103]. The measured reflection coefficient. Su, is given in 
Figure. 3.14. The total operational bandwidth is from 2.3 GHz to 2.55 GHz, which is three times 
as wide as the original bandwidth.
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{A} 5ii with control voltage vector {3 V, 3 V, 3 V, 3 V, 15 V, 3 V}
{B} Su with control voltage vector {3 V, 3 V, 3 V, 3 V, 20 V, 3 V}
(C) S ll with control voltage vector {3 V, 3 V, 3 V, 3 V, 24 V, 3 V)
Figure. 3.14 Measured S l l  versus control voltage vectors
The radiation pattern changes when the control voltage vector is changed. The pattern at 
frequency 2.45 GHz for different control voltage vectors is given in Figure. 3.15.
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{A} Pattern with control voltage vector {3 V, 3 V, 3 V, 3 V, 15 V, 3 V}
{B} Pattern with control voltage vector (3 V, 3 V, 3 V, 3 V, 20 V, 3 V}
Figure. 3.15 Measured radiation pattern versus control voltage vector at 2.45 GHz
For each different frequency, there is a particular control voltage vector, which gives an optimized 
radiation pattern. The optimized radiation patterns at frequencies o f 2.35 GHz, 2.45 GHz and 
2.55 GHz and its corresponding control voltage vector are shown in Figure. 3.16. These optimal 
radiation patterns are achieved by applying the control voltage vectors given in Table-3.4. In 
Figure. 3.16, the antenna gain decreases as the frequency decreases. The available gain at each 
frequency is plotted in Figure. 3.17.
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Figure. 3.16 Optimized pattern at different frequencies
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Figure. 3.17 Measured gain of the proposed antenna at different frequencies
T a b le-3.4
Con tro l  vo lta ge  v ecto r  fo r  Optim ized  pa tter n  a t  differen t  frequ encies
Frequency
(GHz) V1(V) V2(V) V3(V) V4(V) V5(V) V6(V)
2.35 3 3 3 3 3 15
2.40 3 3 3 3 3 17
2.45 3 3 3 3 3 20
2.55 9 9 2 2 9 24
3.1.3 Adaptive Beamforming: Analysis and Measurement
Besides six predefined primary patterns, the proposed ESPAR antenna is able to use a 
beamforming technique to control its radiation pattern. By using the beamforming technique, the 
antenna can point its main lobe towards the desired signal and form its null towards an 
interference signal.
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Beamforming o f an ESPAR antenna involves the synthesis o f complex currents on the parasitic 
elements and the driven element. By tuning the control voltages supplied to the varactors, the 
phases o f surface currents on the parasitic elements can be controlled. For a fixed ESPAR 
antenna structure, the surface currents on the driven and parasitic elements can be calculated from 
the applied voltages using the admittance matrix [7 ] or impedance matrix [z] [31, 45].
J  =  [ r ] x f  =  [Z]"‘ x f  (3.1.24)
Vector I  represents surface currents on the radiators and vector V represents the RF voltage 
supplied to the radiators.
Ï  =  lh  h h  h  h  h  h V  (3.1.25)
V  =  [v^ 0  0  0  0  0 ] ^  (3.1.26)
Only the driven element, i.e. the top-disk loaded monopole, is connected to an RF source.
Therefore only the first element in the voltage vector is non-zero. (3.1.24) can be rewritten as :
VI  =
k + z j
where [z^]is a 7x7 impedance matrix of the antenna [45] and [z^] is a load matrix.
(3.1.27)
^A -
Z o o Z o . Z 0 2 Z o 3 Z 0 4 Z o 3 Z q 6
Z . o Z n Z . 2 Z ,3 Z ,4 Z .3 Z , o
7
^ 2 0 Z 2 . Z 2 2 Z 2 3 Z 2 4 Z 2 5 Z 2 0
7^
3 0 Z 3 . Z 3 2 Z 3 3 Z 3 4 Z 3 3 Z 2 0
7
'^40 Z 4 . Z 4 2 Z 4 3 Z 4 4 Z 4 5 Z 4 6
Z 5 0 Z m Z 3 2 Z 5 3 Z 5 4 Z 3 3 Z 5 0
_ Z g o Z * . Z « 2 Z «3 Z „ Z „ Z « 6 .
(3.1.28)
Due to symmetric structure of proposed ESPAR antenna, in (3.1.28)
-^ 01 ~  ^02 ~  ^03 ~  ^04 — -^ 05 z,06 ~  ^23 — ^34 ^45 —^S6 — -^ 16
— ZjQ — Z2O -  Z 30 — Z4Q -  ZgQ — ZgQ — Z21 — Z32 — Z43 — Z54 — Zg5 — Zgj
z,13 Z24 — Z35 — Z^ g ^15 =-^26 ^14 — ^25 “  ^36 -^ 41 — ^52 “  ^63
— Z3 J — Z42 — Z53 — Zg4 -  Zjj — Zg2
[ Z j }  =  diag\_RQ,R^ +
1
, R i  +
1 — ^ 2 2  ~  ^ 3 3  — -^ 44 — ^55 ~  ^66 
1 _ 1
-] (3.1.29)
Where Rq = 0 because there is no varactor connected to the driven element, are the
resistance o f the varactors connected to the parasitic elements i.e. the folded monopoles and 
Cl • • • Cg are the capacitances of the varactors given by the varactor’s datasheet.
When the antenna is designed, its impedance matrix is fixed. After the antenna is optimized, both
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the driven element and the parasitic elements are evaluated in CST-MS under designed boundary 
conditions. The self impedance and mutual impedance o f the radiators are calculated with the aid 
of CST-MS. The self impedance o f the driven element is Z qq =  (6.1 -y’80.2) Q . The self
impedance o f the parasitic element is = (16.7 + y'3 5 .3 ) O and the mutual impedance between 
the radiators are
Zoi =  (40 .6  - j l 8.4) Q , Z i2 =  (1 0 .2  - y'24.9) Q  
Zi3 = (6.7 - y 30.4) Q , =  (4 .3  - j 3 \ A ) C l
After the surface current vector is calculated, the far-field current signal in the azimuth direction 
with its amplitude and the phase is represented as [45].
(3.1.30)
where a((p) is the steering vector determined by the relative geometry o f the parasitic elements 
[45].
1
J^ COSiÇ})
e  ^
. n  . 7T, y —-c o s (ç ? -—)
. n  . 27 t,j — cos{(p----— )
e  ~ ^
y—COS(ç9—7T)
e
e
e
.7t Anj — cos(fi>— — )
. n  5 n
J — C O S { ( p - ~ )
(3.1.31)
Adaptive beamforming can be performed the antenna with a training sequence. The un-blinded 
algorithm enables the antenna to estimate the direction of desired signal and form its null towards 
an interference signal. In this paper, only the line of sight propagation environment is considered 
and the multipath component is not considered by the numerical model. The horizontal 
components of signals are considered only in the azimuth plane.
The Normalized Mean Square Error (NMSE) between a received signal and the reference signal is 
used as the objective function in this paper. The objective function is defined in (3.1.32)
1 —1/?| (3.1.32)
where p  is the Cross Correlation Coefficient (CCC) between a received signal and the desired 
signal. The parameter p  is defined as [31, 45]
p  = (3.1.33)
where y{t)  is the received signal and r ( j)  is the desired signal. The desired signal r(f) should
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be given to the baseband DSP controller in advance and operated as a reference. The goal o f the 
iteration is to minimize the NMSE. The series of patterns formed by applying adaptive 
beamforming algorithms in a numerical ESPAR antenna model based on mutual impedance and 
self impedance is given in Figure. 3.18. The desired signal in green is coming from 90°and the 
interference signal in red is coming from 180°.
360
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* * * » « Step 1 —Û— Step 2 — o— Step 3 — - - S ig n a l  In Interference
Figure. 3.18 Patterns formed at different steps when performing adaptive beamforming on the FM-
ESPAR antenna
Firstly, the algorithm will search the best CCC value from those six primary main patterns and 
determine the starting point for a following iteration. The pattern formed by the first step is 
marked as “Step 1” in Figure. 3.18.
Secondly, the algorithm will iterate following the steepest gradient of CCC value. The control 
voltages supplied to varactors are perturbed simultaneously [45, 105-106]. Voltage components in 
the “control voltage vector” are changing with different speeds, which is due to its sensitivity and 
contribution to the null forming at a particular position [107-109]. The dash line marked as 
“Step 2” shows the second step patterns formed by the algorithm.
Finally, when NMSE between received signal and the reference signal is smaller than 0.001, the 
iteration threshold meets. The final pattern formed by the algorithm is given in solid line marked 
as “Step 3”. It shows that the antenna has successfully fonned a null point in the direction o f the 
interference signal. Furthermore, the maximum gain is at angle 75°and the desired signal is at 
90° . Since the main lobe is wide, the amplitudes o f the radiated power at 75° and 90° are close 
in value. The algorithm sacrifices the gain of the antenna in the direction of the desired signal in 
order to achieve a deep null at the direction o f the interference signal. Thus a large SIR can be 
secured.
The control voltage vector is recorded and supplied to the antenna when measured in a chamber.
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There is no training signal applied when performing pattern measurements in the chamber. The 
measured pattern comparing with the pattern simulated in CST-MS for the same control voltage 
setup is given in Figure. 3.19. It shows that the antenna has successfully formed a null point in 
the direction of the interference signal that is coming from 180° whilst the desired signal is 
coming from 90°. The radiation pattern in Figure. 3.19 reports a SIR o f 33 dB.
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Figure. 3.19 Measured pattern for a desired signal at 90° while the interference at 180°
60
Chapter 3. Low-cost and Low-prqfîle Smart Antennas
3.2 Sm all D irector A rray for L ow -profile Sm art A ntennas A chieving  
H igher Gain
Generally, there are three basic segments that can be used to construct an antenna and these three 
segments are driven element, reflectors and directors. The electronically small driven element and 
the low-profile reflector have been designed in Chapter 3.1, where the driven element is the short 
monopole antenna and the reflector is the folded monopole antenna. The small ESPAR anterma in 
chapter-3.1 consists of one driven element and six parasitic elements, which works as reflectors. 
The height o f the ESPAR antenna is 12.5 mm, which is less than XqUO at its centre frequency of 
2.45 GHz. Compared to a conventional monopole ESPAR antenna, the height is reduced by 60%. 
Since the folded monopoles act as reflectors and there are no directors employed in the design, the 
antenna gain cannot be increased further by adding more reflectors. In order to increase the 
antenna gain, the directors should be included in the design.
The Yagi-Uda antenna is a well-known fixed beam parasitic radiator array that can achieve a high 
gain with one reflector and several directors. It consists o f one half-wavelength dipole antenna as 
the driven element, one reflector that slightly longer than the driven element and several directors. 
The theory behind Yagi-Uda shows that proper designed directors are the key components with 
which a higher gain can be achieved. Furthermore, The antenna gain of any Yagi-Uda antenna 
depends on the number of directors used [110-112]. However, for a standard Yagi-Uda antenna, 
the length o f its director is 0.45 2o, which is much larger than the height o f the smart antenna in 
Chapter 3.1. To compatible with the height o f a small smart anterma, it is necessary to design a 
small director with low-profile.
Firstly, the electrically small directors are studied and configured as Small Director Array (SDA) 
in this chapter. The fixed SDA is examined with a low-profile anterma with fixed beam, showing 
its ability to increase the antenna gain. The fixed SDA and the low-profile anterma together 
formed a low-profile Yagi-Uda anterma, whose height had been reduced by 50% comparing with 
the standard Yagi-Uda anterma. The anterma gain o f the low-profile Yagi-Uda anterma is 10 dBi.
Secondly, the reconfigurable small directors and reconfigurable SDA are designed afterwards. 
The reconfigurable SDA is examined with a small ESPAR anterma proposed in Chapter 3.1, 
showing its ability to increase the anterma gain and to improve the FBR. The ESPAR anterma, 
whose height was 0 .1  Xo, was placed on a 0 .1  2 o high skirt ground plane and the height of the 
reconfigurable SDA was 0.2 The antenna can steer its beam in horizontal plane from 0° to 
360°. The measurement results proved that the reconfigurable SDA can increase the anterma gain 
by 3 dB and above. The FBR of the ESPAR antenna has been improved significantly by the 
reconfigurable SDA too.
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The proposed SDA also had the advantages of low-cost and low-power consumption features, 
thus suitable for the applications in the small satellites, the Unmanned Aerial Vehicles (UAV) and 
the mobile terminals.
3.2.1 Design and Simulation of the Electrically Small Director and Fixed 
SDA
The director is a closely coupled parasitic element that pulls the antenna radiation pattern from the 
driven element towards the parasitic element along the axis perpendicular to the antenna. It directs 
a beam along the axis perpendicular to the driven dipole antenna, from the reflector through the 
driven element and out via the directors. Typically only one reflector is used in Yagi-Uda 
antennas because the radiation in the direction o f the reflector is effectively suppressed by it and 
more reflectors behind the first reflector cannot significantly increase the gain o f the antenna. By 
contrast, multiple directors are used in the Yagi-Uda antenna and its gain can be increased 
significantly by increasing their number. This is because the directors aligned in parallel 
perpendicular to the direction o f radiation and can be excited efficiently. In terms o f increasing 
the gain o f an antenna, the optimally designed directors are more important than a reflector.
For a standard Yagi-Uda anterma, the driven element is a 0.5 Ig dipole antenna with narrow 
diameter, the directors are slightly shorter than the driven element and the typical value is 0.45 Xq. 
The standard director is too large for an electrically small smart antenna in chaper-3. To increase 
the antenna gain o f a small anterma without increasing its height, the small directors must be 
studied and designed in advanced.
u  =
Figure. 3.20 Induced current and mutual coupling study between the driven and parasitic element
In Figure. 3.20 the driven element is marked “1” and the current along it is A, its self-impedance 
is Zn. The voltage at the input port is represented by U. The parasitic element is marked “2” and 
the current along it is A and its self-impedance is Z22. The mutual coupling impedance between 
the driven element and the parasitic element is Zn = Z2\. There is no external exciting source for 
the parasitic element, therefore the input voltage for the parasitic element is zero.
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f t /  -  Z j  j / j  +  Z 1 2 / 2  
[0  = Z2j/j + Z2 2 /2
The induced current along the parasitic element can be calculated from (3.2.1).
(3.2.1)
(3.2.2)
^22
Where
Z21 — R21 +  J X 21 (3.2.3)
^22 ~  ^22 +  A^22 (3.2.4)
= (3.2.5)
P  =  7 t - \ - t g
-1
A 2 +^22
v^2i y V ^ 2 2  y
(3.2.6)
A director shorter than 2(/2 has a capacitive reactance and its current phase leads its voltage 
phase [113]. Therefore for a director, the P in (3.2.6) should obey -71  < ^ < 0 .  The factor m in
(3.2.5) represents the coupling strength between the driven element and the parasitic element. The 
factor m affects the gain o f the antenna. A larger absolute value o f m results in a stronger induced 
current on the director. To design a proper director for the electrically small dipole, a mutually 
optimized combination of P and m must be identified. The driven element, which is a standard 
XqII dipole antenna, is modeled by CST-MS. The director is modeled as a Perfect Electrical 
Conductor (PEC) cylinder with variable radius and variable distance from the driven element. The 
self-impedance of the driven element and the director are calculated by CST-MS, as was the 
mutual impedance between the driven element and the director. The amplitude and the phase of 
the induced current on the director is calculated by (3.2.5) and (3.2.6). In Table-3.5, one driven 
element and one director are considered and the calculated m in (3.2.5) and p  in (3.2.6) are 
presented, d  is the distance between the driven element and the director and R is the radius o f the 
PEC cylinder. Zn is the self-impedance of the driven element and Z22 is the self-impedance o f the 
PEC cylinder. Z  ^is the mutual impedance between the driven element and the director.
Table-3.5 shows that when the radius o f the PEC cylinder increases, its self-impedance reduces 
and m increase, whose absolute value represents the amplitude o f the induced current on the PEC 
cylinder. This means that a thicker PEC cylinder is more efficient in terms o f energy coupling. 
The phase of the induced current in Table-3.5 meets the requirement o f phase shift for the director 
except for the PEC cylinder with radius of 14 mm at 2.5 GHz.
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Ta b le-3.5
Induced  Curren t  Phase  Lea d in g  an d  Its Am plitu d e  on  D irectors
2.4GHz Zyy= 63.68-13.21 
2 .5G H zZ ;;=72.I6+I.70i
d
(mm)
R
(mm)
Freq
(GHz) Z22
Z/n
(Z12&Z21) m n
23 2 2.4 6.8-107.2Î 19.3-12.71 -0.2 -127.1
23 2 2.5 7.6-100.21 10.0-11.81 -0.2 -143.9
21 4 2.4 3.2.5-48.21 14.9-12.01 -0.4 -133.2.1
21 4 2.5 5.1-44.81 46.0-0.21 -1.0 -96.7
19 6 2.4 3.2-23.91 12.6-10.11 -0.7 -136.3
19 6 2.5 3.6-21.91 10.1-10.71 -0.7 -145.9
17 8 2.4 2.3-12.41 10.9-8.31 -1.1 -137.6
17 8 2.5 2.6-11.11 9.5-8.81 -1.1 -145.7
15 10 2.4 1.7-6.11 9.2-6.21 -1.7 -139.9
15 10 2.5 1.9-5.11 8.4-6.41 -1.9 -148.0
13 12 2.4 1.3-1.81 6.8-2.91 -3.3 -148.7
13 12 2.5 1.4-0.01 6.7-1.51 -T9 -158.0
11 14 2.4 1.0+0.11 5.4+0.71 -5.4 -176.6
11 14 2.5 1.1+0.81 6.2+2.2Î -4.9 -197.6
In Table-3.5 the ideal phase shift occurs for the PEC cylinder with radius o f 4 mm at 2.5 GHz, 
which is the most close to -90°. The phase shift produced by the PEC cylinder with radius of 
14 mm at 2.5 GHz frequency lies outside the phase shift requirement o f the director in (3.2.6). 
Therefore the radius of 14 mm is the upper boundary of a PEC cylinder if  it is to serve as the 
director.
'iven
Director
R
0 . 0. 2 %
Figure. 3.21 The CST-MS model for optimizing one electrically small director scenario
To validate the realized gain of this model and the corresponding FBR, a model is built in CST- 
MS as shown in Figure. 3.21. The driven element is a standard 0.5 Xq dipole with 0.5 mm radius 
and the director is a PEC cylinder. The length of the PEC cylinder is set to 25 mm, i.e. 0.2 Xo at
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2.4 GHz. The radius of the director is R and the distance between the driven element and the 
director is d. The realized antenna gain and FBR are examined by varying the radius of the small 
director.
03
= 4.5
O
<
2 4 6 8 10 12
Radius of the director (mm) 
■d=25mm —O —d=30 mm
4.5
2 4 6 8 1210
Radius of the director (mm) 
■d=25 mm —O—d=30 mm
Figure. 3.22 (a) The realized antenna gain (b) FBR versus the radius of the small director at 2.4 GHz
Figure. 3.22 (a) shows that the realized antenna gain increases when the radius of the director 
increases from 2 mm to 12 mm. In Figure. 3.22 (b), the FBR of the antenna stops increasing when 
the radius of the director reaches 10 mm.
Driven
Directors
0. 5X É 0. 2X
d- d-
Figure. 3.23 The CST-MS model for optimizing the three electrically small directors scenario.
In Figure. 3.23, three directors are considered and the realized antenna gain and FBR are 
examined by varying the radius o f the small director. Firstly, the distance is set to be the empirical 
value 25 mm { d =2 5  mm, 0.2 Xo at 2.4 GHz) and secondly, set to be 30 mm (<i = 30 mm, 0.24 
at 2.4 GHz) for contrast. The radius of the directors has the upper limit of 12.5 mm for d = 2 5  mm 
and a limit of 15 mm for 30 mm respectively in Figure. 3.23. The length of the director is set 
to be 0.2 Xq. The realized antenna gain and FBR are examined by varying the radius o f the small 
director.
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Figure. 3.24 (a) The realized antenna gain (b) FBR versus the radius of the director for three 
electrically small directors scenario
In Figure. 3.24 (a), the antenna gain increases with the radius of the directors when the radius of 
the director increases from 2 mm to 10 mm. The antenna gain starts to decrease when the radius 
of the director is above 10 mm. So does the FBR of the antenna. For one driven element and three 
small directors, the scenario o f “J = 3 0 m m ” shows a higher gain than the scenario o f 
= 25 mm”. On the other hand, the scenario o f = 25 mm” represents a better FBR than the 
scenario of “cf= 30 mm” in Figure. 3.24 (b).
Balancing the antenna gain and the FBR performance, the distance between directors in this paper 
is chosen to be <i = 25mm, which is as same as the empirical value. To realized the real 
performance of these small directors, a low-profile antenna, whose height is 0.2 Xq, is constructed 
and used as a RF source illuminating a 3 3 SDA , which is composed o f small director simulated 
in Figure. 3.23.
T
(b)
Figure. 3.25 The electrically small driven element and reflectors (a) the side view , (b) the top view. 
1. electrically small dipole antenna with length of 0.25 XO and 2 mm radius , 2. the folded dipole with 
height of 0.25 XO, 3. the RF source feeding position, 4. the position where of the series varactors
The theoretical structure of the low-profile antenna, which was used to illuminate the 3 3 SDA , is
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given in Figure. 3.25. It comprises a quarter-wave short dipole, whose height had been reduced by 
50% comparing with standard half-wave dipole. The short dipole serves as the driven element and 
it is the only element connected with a 50 0  coaxial cable. The seven folded dipoles serve as 
parasitic elements and circularly surrounding the driven element. The folded dipoles are bent 
towards the driven element. Due to the capacitive loading provided by the folded monopoles, the 
height of the antenna is significantly reduced.
The low-profile source antenna in Figure. 3.25 and the 3 3 SDA together forms a low-profile 
Yagi-Uda antenna as shown in Figure. 3.26. A printed balanced unbalanced transfonner (balun) 
was used to feed the theoretical structure given in Figure. 3.25. The diameter of the small 
directors is 10 mm and the distance between those small directors is 25 mm. The distance between 
the low-profile source antenna and the 3 3 SDA is 40 mm, which is optimized for achieving the 
best FBR.
row1 row2 row3
collum n 1
collum n 3
( a )
( b )
Figure. 3.26 The low-profile Yagi-Uda antenna consists of a 3 3  SDA . (a) top view , (b) side view.
1 -electrically small dipole antenna with length of 0.25X0 and 2 mm radius, 2 the folded dipole, 
3- the printed balanced unbalanced transformer (balun), 4- the feeding microstrip line, 5-3  3 SDA
One advantage of the low-profile Yagi-Uda antenna in Figure. 3.26 is that those small directors 
exist in the same direction as that o f maximum radiation from the driven element. This is different 
from the case in microstrip patch Yagi-Uda antenna in [114-115], where the parasitic patch 
antenna is put in the same plane as the driven element while the direction o f maximum radiation 
from the driven element itself is orthogonal to the plane o f the patch array. Therefore, the 
directivity of the array factor introduced by SDA is in the same direction with the directivity of 
the radiation pattern from driven element. This is the most efficiency scenario for antenna gain 
increase.
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The measured and simulated radiation patterns of the low-profile Yagi-Uda antenna with and 
without the 3 3 SDA are given in Figure. 3.27. With the 3 3 SDA , the antenna gain had been 
increased by 3 dB and the FBR of the antenna had been improved as well.
The radiation pattern was measured at the NPL by using a VNA through an OEFS system [94-97, 
116], which consists o f an RF-to-optical transducer, optical fiber and an OEFS controller. The 
measured radiation pattern is given in Figure. 3.27 and the measured 5"ii is given in Figure. 3.28.
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Figure. 3.27 The radiation patterns of the low-profile Yagi-Uda antenna with and without a 3 3 SDA
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Figure. 3.28 The measured An of the low-profile Yagi-Uda antenna consists of a 3 3 SD A
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3.2.2 Design and Simulation of the Reconfigurable Electrically Small 
Director and Reconfigurable SDA
The reconfigurable small director and the reconfigurable SDA are introduced for pattern steering 
antennas, whose beam can be steered from 0° to 360° in the horizontal plane. The reconfigurable 
SDA can be controlled to increase the radiation power in the forward direction only. In addition, 
the radiation power in backward and other unwanted directions will not be increased.
The structure of the reconfigurable small director is given in Figure. 3.29. The upper and lower 
hollow cylinders are coimected by PIN diodes. When the PIN diodes are forward biased, the 
reconfigurable small directors perform as same as the fixed small directors designed in 
Chapter 3.2.1 and the antenna gain can be increased significantly. Wlien the PIN diodes are 
reversely biased, the induced cuiTents along the reconfigurable small directors are attenuated by 
the PIN diodes. Therefore, the amplitudes of the induced currents along these small directors are 
very small and the antenna gain remains nearly unchanged. All PIN diodes has been calibrated in 
terms of the “Reverse Series Resistance” before soldering.
9 9
C trl_Y
0  Common. Y
Figure. 3.29 Deployment of the reconfigurable small directors and its detailed structure. 1- half-wave 
dipole serves as the driven element, 2 - the reconfigurable directors, 3 - the PIN diode, 4 - the DC 
control voltage and its feeder, 4 -  the common DC control voltage and its feeder
A 2 3 reconfigurable S DA is examined by using the configuration given in Figure. 3.30. The 
source antennas used to illuminate the 2 3 reconfigurable SDA is the same low-profile antenna 
designed in Chapter3.2.1. The reconfigurable small directors are arranged as a 2 3  SDA. The 
radius of the reconfigurable small directors is 10 mm and the distance between them is 25 mm.
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Figure. 3.30 The low-profile Yagi-Uda antenna consists of a 2 3 reconfigurable SDA. (a) top view , (b) 
side view. 1- electrically small dipole antenna, 2- the folded dipole, 3- the printed balanced 
unbalanced transformer (balun), 4- the feeding microstrip line, 5 -2  3 reconfigurable SDA, 6- the 
PIN diodes
The simulated radiation patterns of the low-profile Yagi-Uda antenna consists of a 23  
reconfigurable SDA are given in Figure. 3.31. The radiation pattern when PEN diodes are forward 
biased is compared with the case where the PIN diodes are reversely biased. The radiation pattern 
of the low-profile antenna when no reconfigurable SDA are employed is given in Figure. 3.31 as 
well.
3 1 5 /
—O— With Directors when PIN Diode Switched ON 
—O— With Directors when PIN Diode Switched OFF 
—A— Without Directors
Figure. 3.31 The simulated radiation pattern of the low-profile Yagi-Uda antenna consists of a 23  
reconfigurable SDA when the PIN diodes are forward biased and reversely biased
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In Figure. 3.31, the low-profile Yagi-Uda antenna, which consists of a 2 3 reconfigurable SDA, 
yields a 10.0 dBi antenna gain when the PIN diodes are forward biased and a 6.7 dBi antenna gain 
when the PIN diodes are reversely biased. The antenna gain o f the low-profile antenna used to 
illuminate the 2 3 reconfigurable SDA is 6.0 dBi. The antenna gain increased 4 dB on account of 
the reconfigurable SDA when the PIN diodes are forward biased. The FBR of the antenna is 
improved as well by employing the reconfigurable SDA with forward biased PIN diodes.
Subsequently, the reconfigurable SDA is deployed around the FM-ESPAR antenna in chapter-3.1 
with a Star Topology distribution. The 3D structure o f the FM-ESPAR antenna and the 
reconfigurable SDA in Star Topology is given in Figure. 3.32.
30°
2T 0" ^
Figure. 3.32 The “Star Topology” reconfigurable SDA circularly surrounding a pattern steering 
small smart antenna. 1 - the folded monopole pattern steering ESPAR antenna, 2 - the reconfigurable 
SDA in Star Topology
The FM-ESPAR antenna in chapter-3.1 is a low-profile antenna with a 0.1 C, antenna height, 
whose beam can be steered from 0° to 360° in the horizontal plane. The FM-ESPAR antenna is 
placed over a 0.1 Xo high skirt ground plane and circularly surrounded by a reconfigurable SDA in 
Star Topology as illustrated in Figure. 3.32. The FM-ESPAR antenna consists of one top-disk- 
loaded short monopole antenna at the centre and seven folded monopole antennas circularly
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surrounding the centre. The plane view of the FM-ESPAR antenna is given in Figure. 3.33 
together with its angle coordinate definition.
270
Figure. 3.33 Plane view of the small smart antenna in chapter-3.1, (a) Top-disk loaded monopole as 
the driven element, (b) Folded monopoles as parasitic elements marked with numbers from 1 to 6 and 
its corresponding angle, (c) one-quarter wavelength high impedance transmission line isolating DC 
control line and DC filter from monopole
The eighteen reconfigurable small directors are divided into six groups and each group contains 
three reconfigurable small directors. The folded monopole antenna in the FM-ESPAR antenna and 
the three reconfigurable small directors with the same angle coordinates are controlled by a DC 
control voltage simultaneously. The beam directions and its corresponding control voltage 
configuration are given in Table-3.6.
T a b l e -3 .6
B e a m  d ir e c t io n  a n d  c o n t r o l  v o l t a g e  c o n f ig u r a t io n
Beam
Direction VRV) V2D0 V3(V) V4(V) V5(V) V6(V)
30° 22 0 0 0 0 0
90° 0 22 0 0 0 0
150° 0 0 22 0 0 0
210° 0 0 0 22 0 0
270° 0 0 0 0 22 0
330° 0 0 0 0 0 22
The measured radiation patterns of the FM-ESPAR antenna (marked as “1” in Figure. 3.32) with 
and without the reconfigurable SDA in the Star Topology are given in Figure. 3.34. The antenna 
gain had been increased by 3 dB on account of the reconfigurable SDA. The FBR of the antenna
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has been improved significantly as well.
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Figure. 3.34 The measured radiation patterns of the small smart antenna with and without 
reconfigurable SDA
The fabricated antennas are given in Figure. 3.35 and Figure. 3.36.
Figure. 3.35 The measured low-profile Yagi-Uda antenna with 3 3 fixed SDA
Figure. 3.36 The measured FM-ESPAR antenna with reconfigurable SDA in “Star Topology
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3.3 B road-B and Low -Profile E SPA R  A ntenna w ith L ow  Control 
V oltage
The FM-ESPAR antenna designed in Chapter 3.1 used varactors to construct the antenna. The 
advantage of using varactor is that varactors can provide continuous capacitance variation and 
enable the beamforming. The disadvantage is that those varactors require high DC control voltage 
(0 V - 22 V) to tune its capacitance. The high DC control voltages required by varactors makes 
the FM-ESPAR antenna in Chapter 3.1 incompatible with most portable devices with Transistor- 
Transistor Logic (TTL) power supply.
In order to design a low-profile ESPAR antenna compatible with TTL power supply, PIN diodes 
are used in this chapter. Unlike varactor having continuous capacitance variation, A PIN diode 
has only two operational states: Open State (with reversely biased DC voltage) and Short State 
(with forward biased DC voltage). The two operation states are good enough for antenna beam- 
switching, but not ideal for beamforming. To overcome this disadvantage of PIN diodes, a “binary 
controlled beamforming” concept is proposed in this chapter. To achieve a binary controlled 
beamforming ESPAR antenna using PIN diodes, the number of the parasitic elements used in the 
ESPAR antenna has been increased from six parasitic elements to twelve parasitic elements. Thus 
the number o f available radiation patterns is increased from 2^  = 64 patterns to 2^  ^= 4096 patterns.
3.3.1 Antenna Structure
Similar as the low-profile FM-ESPAR antenna designed in Chapter 3.1 and [lOO-IOI, 103], the 
ESPAR antenna in this chapter has a rotationally symmetrical structure with a short monopole 
acting as the driven element and twelve parasitic folded monopoles equally distributed along a 
circle surrounding the driven element.
The folded monopoles are bent towards the centre and provides capacitive load to the driven 
element. With the capacitive load, the height o f the driven monopole has been significantly 
reduced. The RF energy is distributed from the central driven element to the parasitic elements 
through electromagnetic coupling. Each parasitic element is loaded by a PIN diode for its surface 
current tuning and the radiation pattern is the result o f phase synthesis o f these surface currents. 
Since the insertion impedance of the PIN diode is much smaller when the PIN diode is forward 
biased, the induced surface current along the folded monopole is stronger when the PIN diode is 
forward biased. With different combinations o f forward and reversely biased PIN diodes, the 
beamforming can be achieved.
Compared with the ESPAR antenna using six parasitic elements and six PIN diodes, the number 
of the available radiation patterns increased from 2^  = 64 patterns to 2*^  = 4096 patterns when
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there are twelve parasitic elements and twelve PIN diodes used. Therefore, by controlling the DC 
voltages supplied to the PIN diodes, the beamforming can be performed. The advantage of using 
PIN diode is that the control voltage is compatible with the standard TTL control logic used by 
most low-power commercial wireless devices.
2
Lc h  
t  I
Figure. 3.37 The side view of the antenna. 1- The short monopole serves as driven element 2- The 
folded monopoles ser\ e as parasitic elements, 3- the ground plane; Dimensions: d =  25 mm
Z-A = 6 mm, Z-B -  15 mm, and Lc -  16 mm, ZZc = 24 mm, /? = 40 mm
The side view of the antenna structure is given in Figure. 3.37. To reduce the height of the 
antenna, the driven element is designed to be a short monopole with diameter 4 mm. The driven 
element is placed in the centre and it is the only element comiected to an RF source. The twelve 
parasitic elements surrounding the centre are equally spaced on a circle with a separation of 30° 
between adjacent elements. The parasitic elements are bent towards the centre and providing 
capacitive load to the driven element. With the capacitive load provided by the folded monopoles, 
the height of the driven element has been reduced to 24 mm, which is 0.16 Ào at 2 GHz.
330'
300
12
270
120240
150210 180'
Figure. 3.38 The plan view of the antenna and the definition of the angular coordinate 1-12- tw elve 
parasitic folded-monopoles, 13- short driven monopole, 14- ground plane
As depicted in Figure. 3.37, d. La, Lb and Lc represent, respectively, the distance between the
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driven element and the parasitic elements, the length o f the bent part o f the folded monopole, the 
length o f the horizontal part o f the folded monopole, and the height o f the folded monopole.
The pattern synthesis is determined by surface currents on all radiating elements [32-33]. The top 
view o f the antenna showing the distribution of the twelve parasitic elements and the defined 
angular coordinate for the beam is given in Figure. 3.38. The antenna is designed with the aid of 
CST-MS. The optimized distance d’’ between the driven element and the parasitic elements as 
shown in Figure. 3.37 is d = 2 5  mm. Other optimized parameters o f the parasitic elements are: 
La = 6 mm, Lg = 15 mm, Lc = 16 mm, H(f= 24 mm, 40 mm.
3.3.2 Simulation and Measurement Results
Table-3.7 
DC Control Voltage Configuration
\  Beam 
Emotion
PIN
30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°
1 H H L L L L L L L H H H
2 H H H L L L L L L L H H
3 H H H H L L L L L L L H
4 H H H H H L L L L L L L
5 L H H H H H L L L L L L
6 L L H H H H H L L L L L
7 L L L H H H H H L L L L
8 L L L L H H H H H L L L
9 L L L L L H H H H H L L
10 L L L L L L H H H H H L
11 L L L L L L L H H H H H
12 H L L L L L L L H H H H
The antenna shown in Figure. 3.37 is simulated in CST-MS and fabricated for testing. Each 
parasitic element has an individual control voltage numbered from 1 to 12 as depicted in Figure. 
3.38. A twelve-element DC voltage vector is represented by H and L, which corresponds to 3 V 
and 0 V DC voltages respectively. For example, a voltage vector {L, L, L, L, L, L, L, H, H, H, H, 
H} corresponds to the PIN diodes at folded monopoles 1 to 7 being forward biased and the PIN 
diodes at folded monopoles 8 to 12 being reversely biased. By right shifting the control voltage 
vector, the radiation pattern o f the antenna can be swept in the horizontal plane in steps o f 30° 
from 0° to 360°. The relationship between the defined angular coordinate for the beam (see Figure. 
3.38) and the configuration of the DC voltages is given in Table-3.7.
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The beamforming o f the antenna involves the synthesis o f the surface currents along the parasitic 
elements and the driven element. The amplitude of induced current along the parasitic element 
when the PIN diode is forward biased is much larger comparing with the scenario when the PIN 
diode is reversely biased. Therefore, the parasitic elements with forward biased in-series PIN 
diodes dominate the control o f the beamforming and pattern steering of the antenna. The far-field 
current signal in the azimuth direction with its amplitude and the phase is represented as [45].
(3.3.1)
where I  represents surface currents on the radiators and a((p) is the steering vector determined by 
the angular coordinate defined in Figure. 3.38 and relative distance defined in Figure. 3.37.
j^dL^2ncQ5{(p) 
g A
M - y ^ 2ncos{(p~) 
j^dd^2ncQs{(p-^-)
, X 0
,{d+Lg) 37ty -^ 2 ;rco s(f,— ) Q 3 2)
The radiation patterns were measured at the NPL,UK using a VNA through an OEFS system [94- 
97]. The antenna was connected to the transducer and then to the controller via the optical fiber. 
The control voltages for the PIN diodes were supplied by a DC power supply, which was placed 
on the turntable that was covered by absorber.
The measured reflection coefficient of the antenna under different DC control voltage vectors are 
given in Figure. 3.39, which shows the robust tolerance o f the input impedance o f the antenna 
when the control voltage vector varies.
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Figure. 3.39 Measured S l l  of the antenna with different DC control voltages.
A - {L,L,L,L,L,L,L,H,H,H,H,H}, B - {L,L,L,L,L,L,H,H,H,H,L,L}, C - {H,H,H,H,L,L,L,L,H,L,L,L}
The measured and simulated radiation patterns in the vertical plane are given in Figure. 3.40. Its 
maximum gain is observed at the inclination angle of about 50° and this feature is caused by the 
presentation of the ground plane.
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Figure. 3.40 Radiation pattern in elevation plane at 2.15 GHz frequency
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Figure. 3.41 Measured and simulated radiation pattern in azimuth plane at 2.2 GHz (with inclination 
angle 50” and normalized to 6 dB)
The measured azimuth patterns with inclination angle 90° are shown in Figure. 3.41. The 
radiation patterns given in Figure. 3.41 are formed by using DC control voltage vector {L, H, H, 
H, H, H, L, L, L, L, L, L}. By right shifting this voltage vector, the radiation pattern can sweep in 
horizontal plane as shown in Table-3.7. Compared with an ESPAR antennas composed o f six 
parasitic elements in Chapter 3.1 and [100-101, 103], the antenna proposed in this chapter 
achieves a narrower beamwidth, which can increase the space diversity gain o f a wireless 
communication system.
3.3.3 Binary Controlled Beamforming
The concept of binary controlled beamforming is introduced to enable ESPAR antenna using PIN 
diodes to perform beamforming. A PIN diode has only two operational states: Open State (with 
reversely biased DC voltage) and Short State (with forward biased DC voltage). In ESPAR 
antenna employing PIN diodes, each parasitic element is loaded with a PIN diodes. Therefore, a 
ESPAR antenna with N parasitic elements, the number o f its total radiation patterns is 2^.
To achieve a binary controlled beamforming ESPAR antenna using PIN diodes, the number o f the 
parasitic elements used in the ESPAR antenna has been increased from “six parasitic elements” to 
twelve parasitic elements. Thus the number o f available radiation patterns increased from 2^  = 64 
patterns to 2^  ^= 4096 patterns.
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When interference signals are considered, an beam-forming algorithm can be employed to choose 
a radiation pattern with the best Signal-to-Noise Ratio (SNR) out o f all available radiation 
patterns. Only the line of sight propagation environment is considered by the following 
measurement.
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Figure. 3.42 Measured normalized radiation pattern when desired signal coming in 90° and one 
interference signal coming in 130°.
A beamforming examples are given in Figure. 3.42 when one interference signal exist. The DC 
control voltage vector for Figure. 3.42 is (L, H, H, H, L, L, H, H, L, L, L, L} When the angle 
between desired signal and interference signal change, the available SIR of the anterma varies. 
The available SIR also varies with the total efficiency o f the anterma. For one interference signal 
scenario, the curves of available SIR versus the angle between desired signal and interference 
signal were given in Figure. 3.43 at different antenna total efficiencies. A measurement 
methodology o f smart antennas is presented in Chapter 7, which includes the detailed 
measurement setup and procedures.
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Figure. 3.43 Available SIR versus angle between desired signal and interference signal
3.3.4 Test of Link Quality of a Wireless Communication System
The pattern steering intelligent antenna can increase the channel capacity by providing spatial 
diversity, and improves link budget margin while keeping the same channel capacity. To obtain 
real life measurement result, the proposed antenna has been tested in a wireless communication 
environment. The facts revealed by this test are two folds: firstly, the proposed antenna can 
significantly increase the performance o f a wireless system in both multi-path environment and 
large noise environment. Secondly, the antenna can be easily controlled with a simple 8 bit Micro 
Control Unit (MCU) without any other assistance, which is compatible with the low-cost system. 
The wireless transceiver chosen for this experiment is provided by ATEML [117], following the 
IEEE 802.15.4 standard [118], one o f which is the most popular solutions for short range wireless 
communication system. A 8 bit MCU was used to control the transceiver as well as the proposed 
antenna with its twelve General Purpose Input/Output (GPIO) pins. The test environment was full 
of instruments and workbenches with metal surface, which involved heavy multi-path effect for 
the experiment. A wireless system suffers such fading channel will be difficult to establish a 
stable and fast link with the omni-directional antenna. In the experiment, the system had been 
configured to work in the saturation mode, which means there is always a packet ready in the 
queue to be sent. Therefore, the system throughput will only be affected by the channel quality, 
which will enable us to demonstrate the performance comparison of proposed antenna and omni­
directional antenna in the fading channel.
The system had employed the omni-directional mode o f the antenna to show the normal wireless 
performance in such environment. The receiver has recorded the number of packets received for 
each second, which has been further processed as the throughput. As shown in Figure. 3.45, the 
deliverable throughput has been vaiying around a lower value when using the omni-directional 
mode.
Pattern No.
Time (Sec)
Figure. 3.44 Tbe Link Quality Indicator result wben performing beam sweeping.
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Then, the system employed the directional mode of the antenna to investigate the propagation 
environment around the antenna. The anterma was controlled to sweep in the horizontal plane 
with a speed o f 30° every 5 seconds. Finishing the full 360° rotation took 60 seconds and had been 
repeated three times. The averaged Link Quality Indicator (LQI) value {20-22} had been recorded 
by the MCU for each step and given in Figure. 3.44.
In Figure. 3.44, the beam with No. 6 reports the best LQI. Therefore, the system employed the 
antenna with No. 6 directional mode to measure the throughput and the corresponding value has 
been given in Figure. 3.45.
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Figure. 3.45 The throughput of the system comparing the directional mode and omni-directional 
mode
The achieved deliverable throughput is around 96kbps, which is much higher than the 
corresponding value reported by omni-directional mode. With a simple algorithm, the system was 
able to lock the optimized angle to deliver the highest and reliable throughput.
After the system had been tested in multi-path environment, the interference rejecting ability was 
tested in anechoic chamber with one interference scenario. The interference signal was a AWGN 
with 2 MHz bandwidth. The antenna was mounted at the centre of the anechoic chamber. The 
angle between the interference signal and the desired Transmitted signal (Tx) was 80°. Firstly the 
antenna had been operated with its omni-directional mode and the power o f the AWGN 
interference signal had been increased until the communication between Rx node and Tx node 
jammed by the AWGN. Secondly, operating the antenna with its directional mode and increasing 
the power of the AWGN until the communication stopped again. The received Package Error Rate 
(PER) was used to evaluation the link quality and the recorded values were plotted in Figure. 3.46 
for omni-directional mode with 8 dBm AWGN and directional mode with 15 dBm AWGN 
respectively. The omni-directional mode was nearly jammed when the power o f AWGN was 
8 dBm, while the link still reliable with directional mode when the power o f AWGN was 15 dBm. 
Figure. 3.46 shows that the antenna can ensure a reliable link for a wireless communication
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system in a large noise environment.
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Figure. 3.46 Package error rate compare between directional mode and omni-directional mode with 
one interference scenario.
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3.4 D ual-B and L ow -Profile E SPA R  A ntenna w ith  L ow  C ontrol V oltage
The low-profile ESPAR antenna illustrated in Chapter 3.1 and [100-101, 103] reports an 
operational bandwidth from 2.4 GHz to 2.5 GHz. The low-profile broadband ESPAR has been 
introduced in Chapter 3.3. However, the broadband ESPAR antenna in Chapter 3.3 is a single 
band antenna as well. In order to achieve dual-band feature, a novel method constructing the dual 
band low-profile ESPAR antenna is presented in this chapter. The PIN diodes are employed by 
the dual band low-profile ESPAR antenna as well. The compact low-cost and dual-band ESPAR 
antenna can achieve beam-steering and adaptive beamforming. The antenna exhibits a dual-band 
feature from 1.8 GHz to 2.2 GHz and 2.85 GHz to 3.15 GHz.
3.4.1 Structure of the Dual-Band Low-Profile ESPAR Antenna
Similar to the broad-band low-profile ESPAR antenna in Chapter 3.3, the anterma consists o f one 
driven element at the centre and twelve parasitic elements surrounding it. To reduce the antenna 
height, folded monopole antennas are used as the parasitic elements. By bending the folded 
monopoles toward the centre, capacitive loads are added to the driven element. Thus the size o f  
the driven element can be reduced, which results a short mono-cone antenna.
To achieve dual-band feature, the twelve parasitic elements are divided into two groups, namely 
Group A and Group B. The transverse section of the antenna for Group A and Group B are given 
in Figure. 3.47 (a) and (b) respectively. Each group contains six folded monopole antennas with 
same structure. But the dimensions for Group A and Group B are different. Each structure 
represents one resonant frequency respectively. The dimensions o f the folded-monopole in each 
group were optimized by the aid o f CST_MS. To initiate the optimization process, the starting 
value o f the total length of the folded-monopole in each group is the quarter-wavelength at its 
corresponding frequency. The folded monopole antermas o f the two groups interlace with one 
another as shown in Figure. 3.48 (a).
Figure. 3.47 Transverse section of the antenna: (a) parasitic elements in Group A, (b) parasitic 
elements in Group B 1- driven element: a short mono-cone, 2- parasitic elements: folded-monopoles 
in Group A 3- ground plane, 4- parasitic elements: folded-monopoles in Group B
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Figure. 3.48 Plan view of the antenna: (a) top view of the antenna, (b) bottom view of the antenna. 
1-12- twelve parasitic folded-monopole elements, 13- short mono-cone, 14 - ground plane,
15- 2 /4  high-impedance microstrip line, 16 - cross section of 50 Q. coaxial cable.
In Figure. 3.47, the driven element is a short mono-cone antenna with 8 mm upper diameter, 
4 mm lower diameter and 19.3 mm height. The dimensions of the parasitic elements in group A 
are: = 7.6 mm, Lb = 20 mm and Z c=18 mm.
These six parasitic elements are equally distributed on a 40 mm radius circle with 60° gap 
between each other as shown in Figure. 3.48 (a). The dimensions of the parasitic elements in 
Group B are: Ld = 8 mm, 7^ = 14 nun and Zc = 18 mm. These six parasitic elements are equally 
distributed on a 40 mm radius circle with 60° gap between each other. The interval between 
parasitic elements from Group A and Group B is 30° and their distribution is shown in Figure. 
3.48 (a). The folded monopole antennas marked as 2, 4, 6 ,8 , 10, 12 belong to Group A and the 
rest belong to Group B. The angular coordinate is defined in Figure. 3.48 (a).
Each folded monopole antenna is connected to the ground plane via a PIN diode (BAP50-02). The 
DC voltages are applied to PIN diodes through the XJA high impedance microstrip lines that act as 
the RF chokes. Its detailed structure is given in Figure. 3.48 (b). A capacitor (100 nF) is applied as 
a DC filter at the end of the microstrip line and DC voltage control lines are applied thereafter. 
The RF chokes isolate the DC filters and DC voltage control lines from the folded monopole 
antennas. By controlling the DC voltages applied to the PIN diodes, the induced surface currents 
on the folded monopoles can be controlled and thus the radiation pattern of the antenna.
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3.4.2 Measurement Results of Beam-Steering
A twelve-element DC voltage vector is represented by H and L, which correspond to 3 V and 0 V 
DC voltage respectively. For example, a voltage vector {H, H, H, H, H, H, H, L, L, L, L, L} 
corresponds to that the PIN diodes at folded monopoles 1 to 7 are forward biased and the PIN 
diodes at folded monopoles 8 to 12 are reversely biased. The measured serial impedances o f the 
PIN diode are (2.7 + 21.li) D and (103.7 - 209.31) Û. when the DC voltages applied are 3 V and 0 
V respectively.
Ta b le-3.8
B eam  d irection  a n d  DC V o ltag e configlfration
1.8 GHz 
to
2.2 GHz
0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330°
2.85 GHz 
to
3.15 GHz
180° 210° 240° 270° 300° 330° 0° 30° 60° 90° 120° 150°
1 L L L H H H H H H H L L
2 L L L L H H H H H H H L
3 L L L L L H H H H H H H
4 H L L L L L H H H H H H
5 H H L L L L L H H H H H
6 H H H L L L L L H H H H
7 H H H H L L L L L H H H
8 H H H H H L L L L L H H
9 H H H H H H L L L L L H
10 H H H H H H H L L L L L
11 L H H H H H H H L L L L
12 L L H H H H H H H L L L
As shown in Table-3.8, one set of DC voltage vectors contains twelve DC voltage vectors and it is 
represented as ({H, H, H, H, H, H, H, L, L, L, L, L} 12), are given in Table-3.8. The beam- 
steering shown in Table-3.8 is achieved by right-shifting the DC voltage vector (H, H, H, H, H, H, 
H, L, L, L, L, L}. The relationship between the defined angular coordinate for the beam (see 
Figure. 3.48 (a)) and the configuration of DC voltages is shown in Table-3.8 for the band from 1.8 
GHz to 2.2 GHz and from 2.9 GHz to 3.2 GHz,
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Figure. 3.49 The Measured S l l  of the antenna with DC voltage combination ( {H, H, H, H, H, H, H, L, 
L, L, L, L} 12)
Without considering differences introduced by PIN diodes, the input impedance o f the antenna 
remains unchanged when right-shifting a DC voltage vector. The measured input reflection 
coefficient (S l l)  with the DC voltage vectors {{H , H, H, H, H, H, H, L, L, L, L, L} 12) is given 
in Figure. 3.49.
When different sets o f DC voltage vectors are used, the input impedance o f the antenna varies. 
Three examples showing S ll  variations are given in Figure. 3.50 with three different sets of DC 
voltage vectors. Small frequency shifts are observed in Figure. 3.50, which means the beamwidth 
of the antenna can tolerate a wide range of DC voltage vectors.
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Figure. 3.50 The Measured S l l  with three different H and L combination in its DC voltage 
combination A- {H, H, H, H, H, H, L, L, L, L, L, L} 12, B - {H, H, H, H, H, H, L, H, L, L, L, L} 12, 
C - {H, H, H, H, H, L, L, H, H, L, L, L} 12
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The far field directivity o f the anterma in the horizontal plane can be represented by (6.1). The 
measured normalized radiation patterns at 2 GHz and 2.9 GHz are given in Figure. 3.51 (a) and (b) 
respectively, when the DC voltage vector (H, H, H, H, H, H, H, L, L, L, L, L} is applied to the 
PIN diodes. When right shifting the DC voltage vector (H, H, H, H, H, H, H, L, L, L, L, L} 
according to the configuration given in Table-3.8, the radiation pattern as shown in Figure. 3.51 
can be steered to the desired direction accordingly. The radiation patterns are normalized at 6.5 
dBi and 4.5 dBi for 2 GHz and 2.9 GHz respectively.
360
330,
315, ,45
300 60
285 75
270i
105255
120240
135225
210 150
4 65
180
360
—O— 2 GHz
(a)
330,
315, ,45
300,
285
270
255 105
240 120
225 135
21(7 150
4 6 5
180
—O— 2.9 GHz
(b)
Figure. 3.51 The measured normalized radiation patterns with DC voltage vector {H, H, H, H, H, H, 
H, L, L, L, L, L}, (a) at 2 GHz, (b) at 2.9 GHz.
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Figure. 3.52 The normalized radiation pattern at 2 GHz rejecting two interference signals
Besides right-shifting a set o f DC voltage vector, more sets of DC voltage vectors can be defined 
by using different H and L combinations in the vectors. Such as the set of voltage vectors ({H, H, 
L, L, H, H, H, H, H, L, L, L} 12), ({H, H, H, L, H, H, H, L, L, L, L, L} 12), ({ H, H, H, L, L, H,
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H, H, L, L, L, L} 12), etc. Each set o f the DC voltage vectors have its individual radiation 
patterns accordingly. In the scenario when interference signals exist, an adaptive beamforming 
algorithm can be employed to choose a radiation pattern with the best SIR out o f all available 
radiation patterns. Therefore, the dual-band ESPAR antenna can achieve adaptive beamforming. 
The adaptive beamforming was performed with a training sequence. In this chapter, only line of 
sight propagation environment was considered. The NMSE between a received signal and the 
reference signal is used as the objective function. A example pattern is given in Figure. 3.52 for 
rejecting two interference signals. The DC voltage vectors used is {H, H, L, L, L, H, H, H, H, L, 
L,H }.
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3.5 R econfigurable Inverted F-type Sm art A ntenna
In this chapter, a small size reconfigurable smart antenna composed o f six Inverted F-type 
Antennas (IF A) is proposed. Each o f the IF As can be reconfigured either as a driven element or a 
parasitic element. The radius o f proposed ESPAR antenna is 11.5mm, which enables handheld 
wireless devices such as mobile phones and walkie-talkies to employ a smart antenna. Despite its 
small size, the proposed ESPAR antenna achieves a gain o f  3.5dBi and a front-back ratio o f 7dB. 
The beamforming can be achieved by tuning the reactive load o f varactors on each IF A radiator.
A typical ESPAR structure contains one fixed driven element and several parasitic elements 
surrounding the driven element. The low-profile FM-ESPAR antenna constructed according to 
this structure has been shown in Chapter 3.1, Chapter 3.3 and Chapter 3.4. The height of those 
FM-ESPAR antennas has been reduced significantly but not their radius. The aim of the 
reconfigurable antenna in this chapter is to achieve a smart antenna with a small radius.
3.5.1 Antenna Design
In traditional ESPAR antenna design, the driven element is the radiator connected with the RF 
port and parasitic elements are not connected to the RF source. Driven element and parasitic 
elements do not exchange their roles in the array. This structure can be referred to as an 
Unbalanced Structure. In the unbalanced structure, all parasitic elements should be stimulated 
equally in order to cover 360° azimuth angle. The driven element must be an omni-direction 
radiator. A parasitic element can be deployed either as a reflector or a director according to its 
function. The gain will reach its maximum value when the distance between a driven element and 
a parasitic element, which functions as a reflector, is about Xo/4, wherelq is the wavelength in free 
space. This is the factor that imposes the limitation on radius reduction o f the unbalanced ESPAR 
antenna structure [31, 39, 43, 54, 100-101, 103, 119].
To overcome the Ao/4 limitation, a balanced structure is proposed in this section. In a balanced 
ESPAR antenna structure, every radiator can be reconfigured either as a driven element or a 
parasitic element according to the beamforming requirement. In the balanced ESPAR antenna 
structure, the radiating element can be a directional antenna. When a directive electrically small 
antenna is chosen to be the radiator, there is no reflector required for beamforming. By using this 
method, the lo/4 limitation is eliminated.
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3.5.1.1 Structure o f  the R econfigurable IF A E lem ent
The IF A antennas contain a shorting pin connecting to the ground and its input impedance can be 
easily matched by tuning the shorting pin’s position. The IF A radiating element proposed in this 
chapter is given in Figure. 3.53 (a), which is electrically small and directional.
31
S
o
(a) (b)
Figure. 3.53 (a) IFA radiating element used to compose proposed balanced structure ESPAR antenna, 
(b) ESPAR antenna composed of 6 IFA radiating elements
In Figure. 3.53 (a), symbol (1) represents the copper trace of the IFA antenna. Symbol (2) is the 
substrate on which the IFA antenna is built. Symbol (3) is where the 50 Olim RF port is connected. 
The inner conductor and the outer conductor of the coaxial cable is connected to the upper copper 
and lower copper at symbol (3) respectively. Symbol (4) shows the ground plane for both IFA 
antenna and DC feeding network. Symbol (5) is the DC-filtering capacitor. Symbol (6) represents 
the DC feeding network for the control voltage. Symbol (7) is a varactor and Symbol (8) 
represents a PIN diode. Symbol (9) is a varactor. As depicted in Figure. 3.53 (a), the shorting pin 
in the IFA compose of a PIN diode and a varactor, which is connected to the ground.
The radiating element as shown in Figure. 3.53 (a) can be reconfigured into 3 operating states, 
namely, the driven element state, parasitic element state and dummy state. When the PIN diode is 
forward biased and the varactor is supplied with 2V control voltage, the radiating element shown 
in Figure. 3.53 (a) acts as a driven element. When the PIN diode is forward biased and the 
varactor is supplied with the operating control voltage, the radiating element shown in Figure.
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3.53 (a) functions as a parasitic element. When PIN diode is reversely biased, the radiating 
element shown in Figure. 3.53 (a) is in the dummy state and it is not involved in beamfonning. 
The three different operation modes are given in Figure. 3.54 based upon the following definitions: 
The forward biased PIN diode and the 2 V biased varactor are represented by a copper-track. The 
reverse biased PIN diode represented by a copper-gap. The varactor, whose biasing voltage is 
between 2 V and 22 V is represented by a capacitor.
■If
sir
mam
(a) (b) (c)
Figure. 3.54 Theoretical diagram of the three different operation modes, (a) driven element, (b) 
parasitic element, (c) dummy state.
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3.5.1.2 Structure o f  the R econfigurable Sm art A ntenna
By combing six radiating elements shown in Figure. 3.53 (a), a balanced ESPAR antenna 
structure can be built (see Figure. 3.53 (b)). These six radiating elements share one 50 Ohm RF 
port and each of them can be reconfigured either as a driven element or a parasitic element. The 
IFA radiating elements are separated from each other with an angle of 60°. The plane view of the 
proposed ESPAR antenna is given in Figure. 3.55. By soldering the IFA radiating element onto a 
coaxial cable, all of the IFA radiating elements can be excited by the same RF source.
Figure. 3.55 The top view of ESPAR antenna composed of 6 IFA radiating elements: 1-6 - IFA 
radiating element, 7 - 50Ohm coaxial cable
The beam-steering is based on phase synthesis. Note that no phase shifter is used in the proposed 
ESPAR antenna, which would dramatically reduce the design cost. By tuning the capacitance of 
the varactors, the surface current of the IFA radiating element will experience a different phase 
shift. When the PIN diode is forward biased and the varactor is supplied with the 2V control 
voltage, the phase of surface current of the IFA elements is nonnalized to 0°. The driven element 
is defined as the IFA radiating element with 0° degree nonnalized surface current. The parasitic 
element is the IFA radiating element with a non zero normalized phase of surface current.
Since the IFA radiating elements in the proposed antenna are strongly coupled with each other, 
any change of the loaded capacitance will cause a deviation of input impedance. It is necessary to 
define a “main pattern'’, to which input impedance matching is applied.
The main pattern of the proposed ESPAR is the pattern with maximum gain and largest FBR. For 
the main pattern, the PIN diodes state vector is {F, F, F, R, R, R}(where “F” for “forward biased”
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and “R” for reversely biased) and the corresponding varactor control voltage vector is {8V, 2V, 
8V, 24V, 24V, 24V}.
At the “main pattern” state, there are three IFA radiating elements in the dummy state with the 
PIN diodes reversely biased. The IFA element with 2V control voltage supplied to the varactor is 
the driven element and the other two IFA elements with 8V control voltage supplied to the 
varactors are parasitic elements.
3.5.2 Simulation Results
The proposed ESPAR antenna has been simulated in CST-MS. Its input impedance is optimized 
for the “main pattern” state.
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Figure. 3.56 The simulated S l l  of the antenna composed of IFA when configured as main pattern 
state
Figure. 3.56 shows the SI 1 of the proposed antenna when configured as “main pattern” state. The 
bandwidth of the proposed ESPAR antenna at main pattern is approximately 360 MHz, from 
2300 MHz to 2660 MHz.
The radiation pattern of the proposed ESPAR antenna at “main pattern” state pointing at 90° is 
given in Figure. 3.57. The maximum gain of the proposed ESPAR antenna is 3.5dBi and its FBR 
is 7dB.
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Figure. 3,57 Simulated main pattern of the IFA beam-switching antenna at 90°
The pattern shown in Figure. 3.57 can be achieved at 30°, 90°, 150°, 210°, 270° and 330° by 
tuning the states of the PIN diodes according to Table-3.9.
Ta b le-3.9
B eam  direction  an d  v a ra cto r  co nfig ura tion
PIN_1 PIN_2 PIN_3 PIN_4 PIN_5 PIN_6
30° R R F F F R
90° R R R F F F
150° F R R R F F
210° F F R R R F
270° F F F R R R
330° R F F F R R
w h e r e  "F' fo r  " fo rw a rc b ia se d "  a n d 'R" fo r  r e v e r s e ly  b ia s e d
The radiation pattern shown in Figure. 3.57 can be steered continuously within 60° range without 
destroying the input impedance matching between 2.4 GHz and 2.5 GHz, which means the SI 1 
between 2.4 GHz and 2.5 GHz is lower than -10 dB. The steered pattern with 30° step size with 
main pattern as a reference is shown in Figure. 3.58. The DC control voltage vector for the blue 
dotted line and black solid line in Figure. 3.58 are (8V, 2V, 18V, 24V, 24V, 24V} and {18V, 2V, 
8V, 24V, 24V, 24V} respectively.
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Figure. 3.58 Simulated patterns of the IFA beam-switching antenna steered with 30° step size
The adaptive beam-steering method enables the ESPAR antenna to estimate the direction o f the 
desired signal and form the main lobe towards the desired signal. The adaptive algorithm 
employed in this paper is an un-blinded algorithm and need a reference signal to carry out the 
adaptive algorithms. Firstly, the algorithm will search the best CCC value from the six main 
patterns and determine the starting point of following iteration. After determining the starting 
point, the algorithm will iterate following the steepest gradient of CCC.
In this chapter, only the line o f sight scenario is considered. For a desired signal coming in at an 
angle o f 90° and an interference at an angle o f 180°, the formed pattern is given in Figure. 3.59. It 
can be seen that the antenna gain in the desired direction (90°) has been reduced to 0 dBi. This is 
because the input matching is designed for main pattern state.
TABLE-3.10 
SIZE COMPARISON
ESPAR
antenna
type
radiator
height
(mm)
ESPAR 
Antenna radius 
(mm)
ground
radius
(mm)
ground
height
(mm)
Proposed
IFA
ESPAR
31
(0.25,^)
11.5
(O.Uo)
11.5
(O.l l^g)
12
(O.Uo)
Standard
monopole
ESPAR
31
(0.25,^)
31
(0.25A„)
62
(&5^^
31
(0.25,1^)
Folded
Monopole
ESPAR
11.1 
(0.1 ?io)
25
(0.2 >io)
25 31
(0.25;i^)
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Figure. 3.59 Beam of the IFA beam-switching antenna formed when interference is at 180° and 
desired signal at 90°
3.6 C hapter Sum m ary
In this chapter, two low-cost small smart antennas (Chapter 3.1 and Chapter 3.5) and low-cost 
low-profile smart antennas with broadband (Chapter 3.3), dual-band (Chapter 3.4) and high gain 
features (Chapter 3.2) are proposed. The combination o f the top-disk-loaded short monopole and 
the folded-monopoles has been proved to be an effective method to produce a low-profile low- 
cost smart antenna. The prototype antennas have been designed, fabricated and tested.
The proposed FM-ESPAR antenna achieves a gain of 4 dBi and a FBR larger than 15 dB. The 
antenna is able to steer its radiation pattern from 0° to 360° in horizontal plane and perform 
beamforming. The antenna height is reduced by 60% compared to a conventional monopole 
ESPAR antenna. Due to its advantages of small size, easy fabrication, low-cost and low-power 
consumption, the antenna will be useful for applications in wireless communications.
In order to increase the antenna gain of the FM-ESPAR, the short cylindrical structure that 
operates as a director for low-profile smart antennas has been studied. The fixed small director, 
the fixed SDA, the reconfigurable director and the reconfigurable SDA have been simulated and 
measured. The structure used to evaluate the reconfigurable 2 3 SDA produced a low-profile 
Yagi-Uda antenna, whose antenna gain is 10 dBi. The height o f the low-profile Yagi-Uda antenna
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has been reduced by 50% compared with the standard Yagi-Uda antenna. The reconfigurable 
SDA was designed to increase the antenna gain for pattern steering small antennas. A 
reconfigurable SDA with a Star Topology has been measured together with the FM-ESPAR 
antenna. The antenna gain o f the FM-ESPAR antenna has been increased by 3 dB by employing 
the reconfigurable SDA. The FBR of the FM-ESPAR antenna has been improved as well. Both the 
fixed SDA and reconfigurable SDA have been proved to be the low-cost and efficient methods for 
increasing the antenna gain for low-profile antennas without increasing the antenna height.
The broad-band low-profile ESPAR antennas designed in this chapter is compatible with TTL 
power supply, which provides DC voltage from OV to 3V. The PIN diodes are used as the tuning 
component. The number o f the parasitic elements used in the ESPAR antenna has been increased 
from 6 to 12. Thus the number of available radiation patterns increased from 2^  = 64 patterns to 
2*2 = 4096 patterns. Therefore, the concept o f binary controlled beamforming can be perfonned 
by the broad-band low-profile ESPAR antennas. The low-profile broad-band ESPAR antenna has 
a height o f only 24 mm (0.16 Xo at 2.0 GHz) and reports a bandwidth from 2 GHz to 2.4 GHz. The 
antenna achieved a narrower beamwidth comparing with the ESPAR antenna in Chapter 3.1 with 
six parasitic elements. This feature makes this antenna can provide better spatial diversity in a 
multipath environment.
By dividing the twelve parasitic elements into two different groups, the dual band feature can be 
achieved. The antenna exhibits a dual-band feature from 1.8 GHz to 2.2 GHz and 2.85 GHz to 
3.15 GHz. The height of the antenna is 0.12 2o at 1.8 GHz, where Xq is the free space wavelength. 
The low-profile dual-band ESPAR antenna can achieve beam-steering and adaptive beamforming. 
Different radiation patterns can be formed with the aid of adaptive beamforming algorithm and 
every radiation pattern can be steered from 0° to 360° in the horizontal plane with a step size of 
30^
The reconfigurable IFA smart antenna is introduced for designing a low-cost smart antenna with a 
small radius. The simulation results show that small smart antenna composed o f reconfigurable 
IFA elements achieved a gain of 3.5 dBi despite its small size and a FBR of 7dB. The radius of 
the proposed ESPAR antenna is 11.5 mm and the total height including the DC-Feeding network 
is 43 mm for 2.45 GHz operation frequency. The pattern steering and null forming can be 
achieved by tuning the capacitance of the varactors. The small profile makes it possible for 
handheld device to employ a smart antenna. Table-3.10 shows the size comparison between 
proposed ESPAR antenna and standard lo/4 ESPAR antenna.
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Chapter 4
4 Compact MIMO Antenna with Adaptive 
Radiation Patterns
The MIMO technology can enable wireless communication systems to achieve a high data rate 
and enable high quality services. It is known that the MIMO system’s channel capacity increases 
linearly with the number o f uncorrelated channels [120]. When omni-directional antennas are 
used in a multi-path propagation environment, channels are always correlated because o f the 
existence o f spatial correlation [121]. The spatial correlation is affected by the radiation patterns 
of each antenna and the distance between antennas. [121] has demonstrated the benefits o f pattern 
diversity for clustered MIMO Channels via two-element antenna arrays. However, the MIMO 
antenna in [121] has only two fixed radiation patterns and cannot reduce the spatial correlation in 
all directions. The low-profile FM-ESPAR antenna proposed in Chapter 3.1 can generate adaptive 
radiation patterns from 0° to 360° in the horizontal plane. This feature makes the FM-ESPAR 
antenna can be used to compose a compact MIMO antenna, which can reduce the spatial 
correlation between different channels. The MIMO antenna compose of two FM-ESPAR antennas 
are co-polarized MIMO antenna and illustrated in Chapter 4.1.
Another technique o f building a MIMO antenna is the use o f a dual-polarized antenna. The two 
ports of the antenna are isolated by the orthogonal polarization between them. For the same array 
size, cross-polarized MIMO systems can double the antenna numbers compared with co-polarized 
MIMO systems. In Chapter 4.2, an cross-polarized MIMO antenna with switchable beams is 
presented.
4.1 C om pact C o-Polarized M IM O  A ntenna
4.1.1 Antenna Configuration
The FM-ESPAR antenna proposed in Chapter 3 is composed o f six folded monopoles and one 
top-disk-loaded short monopole. The top-disk-loaded monopole is placed at the centre and 
connected with the RF front end. Six folded monopoles are separated equally in a circle
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surrounding the short monopole at centre. In order to achieve a larger capacitive load, the folded 
monopoles are bent towards the centre. The MIMO antenna in this chapter is composed of two 
FM-ESPAR antennas. The side view of the MIMO antenna is given in Figure. 4.1. The height of 
the FM-ESPAR antenna is 12.5 mm, which is less than Xq/1 0  at 2.4 GHz. The two FM-ESPAR 
antennas in the MIMO antenna are marked as A and B separately in Figure. 4.1 and separated by 
a 30 mm long sleeve ground plane, which is a quarter wavelength at 2.5 GHz.
Each folded monopole antenna in the FM-ESPAR antenna is connected to the ground plane 
through a varactor. By controlling the DC voltages applied to the varactors, the radiation pattern 
of the FM-ESPAR antenna can be steered.
1
A
Figure. 4.1 Side view of the MIMO antenna. 1- Top-disk-loaded monopole as the driven element 
2- The folded monopoles as parasitic elements. 3- The sleeve ground
The plane view of this antenna is given in Figure. 4.2. The top-disk-loaded monopole at the centre 
is the driven element. The six folded monopoles surrounding the driven element are parasitic 
elements. Each folded monopole is connected to ground plane through a varactor. The radiation 
pattern synthesis is detennined by the induced surface currents on all radiating elements. The 
induced surface currents are tuned by controlling the voltages supplied to the varactors.
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330"
15CT210"'
Figure. 4.2 Bird-eye view of the ESPAR antenna proposed, (a) Top disk loaded monopole as the 
driven element, (b) Folded monopoles as parasitic elements marked with numbers from 1 to 6 and its 
corresponding angle, (c) quarter wavelength high impedance transmission line isolating DC control 
line and DC filter from monopole
4.1.2 Radiation Patterns for MIMO Mode
The FM-ESPAR antenna used to construct the MIMO antenna in this paper has a strong coupling 
structure, whose input impedance matching will be affected by the change o f the capacitive load 
[42, 100-101, 103]. When supplied with different control voltages, the varactors provide various 
insertion resistances and capacitances to the parasitic elements. Therefore, various capacitive 
loads are observed by the driven element. The various capacitive loads and the different insertion 
resistances can affect the input match of the driven element. In order to secure a reasonable gain, 
the FM-ESPAR antenna is matched for the main pattern mode. There are six main patterns. The 
set up of varactor's control voltages and its corresponding maximum radiation direction are 
shown in Table-4.1.
T a b l e -4.1
B e a m  d ir e c t io n  a n d  c o n t r o l  v o l t a g e  c o n f ig u r a t io n
Beam
Direction V in o V2(V) V3(V) V5(V) V6(V)
60° 20 20 2 2 2 2
120° 2 20 20 2 2 2
180° 2 2 20 20 2 2
240° 2 2 2 20 20 2
300° 2 2 2 2 20 20
360° 20 2 2 2 2 20
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Figure. 4.3 One of the radiation pattern at 120° out of six main patterns
The main pattern located at 120° in the horizontal plane is shown in Figure. 4.3. Its radiation 
pattern in the vertical plane is given in Figure. 4.3. The red dotted line represents the realized gain 
pattern simulated by CST-MS and blue solid line represents the measured antenna pattern.
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Figure. 4.4 One of the radiation pattern in vertical plane out of six main patterns
The radiation pattern is measured by using a VNA through an OEFS system [94-97], which 
consists of an RF-to-optical transducer, an optical fibre and an OEFS controller. The antenna was 
connected to the RF-to-optical transducer and then to the OEFS controller via the optical fibre 
(details see Chapter 3.1.2.1).
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Figure. 4.5 Simulated isolation between the two ESPAR antennas versus the angle between their main 
lobes
The FM-ESPAR antennas A and B are able to steer its radiation pattern towards different 
directions individually. The simulated isolations between the two ports are given in Figure. 4.5 
versus the angle between their main lobes. Figure, 4.5 shows that the geometry structure given in 
Figure. 4.1 secured good isolation between the FM-ESPAR antenna A and the FM-ESPAR 
antenna B.
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Figure. 4.6 Radiation pattern of the proposed MIMO antenna in horizontal plane.
The measurement results o f the radiation pattern, S ll  and S21, when the angle between the two 
main lobes is 180°,(i.e. the main lobes are pointing at opposite directions), are given in Figure. 4.6 
and Figure. 4.7 respectively. The S21 shown in Figure. 4.7 is measured when the main lobes o f  
ESPAR A and ESPAR B are pointing in opposite direction, i.e. the angle between their main 
lobes is 180°.
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Figure. 4.7 Measured Sn and S21 (isolation) between the two ESPAR antennas when the angle between 
their main lobes is 180°
For spatial clustered channel model, the power transmitted is concentrated within clusters over 
azimuth plane. The ergodic capacity upper bound is a function o f the spatial correlation matrix. 
The spatial correlation matrix can be adjusted by the dynamic radiation pattern. When the 
maximum radiation from the antenna is directed towards the proper clusters, its ergodic channel 
capacity is maximized [122]. Therefore, the proposed MIMO antenna with six steerable beams 
from 0° to 360° in the azimuth plane can optimize the channel capacity for spatial clustered 
channel model.
4.1.3 Radiation Patterns for Single-Input-Single-Output Mode
Most commercial M M O transceivers can downgrade to Single-Input Single-Output (SISO) mode 
and switch to low data rate mode, when the system SNR is very low. The traditional solution 
when switching to single output mode is randomly selecting one antenna out of the MIMO system. 
The MIMO system proposed in this chapter can be reconfigured into a phased array smart antenna 
supporting single input single output mode. The antenna gain can be doubled and provide a larger 
link budget margin in the low SNR scenario. With the reconfigured phased array, modulation with 
higher data rate can be enabled.
A power combiner with 180° phase shift is required when reconfiguring the MIMO antenna into a 
phased array. Both ESPAR A and ESPAR B are fed by signals with equal amplitudes and 180° 
phase shift. The control voltage vector still has six components. Each control voltage is supplied 
to two varactors, which provide reactive loads for its corresponding ESPAR antenna.
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Figure. 4.8 Radiation pattern of the SISO mode at 120° out of six main patterns
The definition of the radiation pattern is as same as its definition for a single ESPAR antenna. 
One main pattern at 120° is given by Figure. 4.8. The measured pattern reports a gain o f 6 dBi. 
The front-back ratio of the measured main pattern is 16 dB. The pattern shown in Figure. 4.8 can 
be achieved at 60°, 120°, 180°, 240°and 300° according to Table-4.1.
4.2 B eam -Sw itchable C ross-Polarized M IM O  A ntenna
4.2.1 Antenna With Two Reconfigurable Parasitic Elements
For an ESPAR antenna, its polarization is determined by the driven element and its beam-steering 
is controlled by the parasitic elements. As shown in Figure. 4.9, the driven element used is a dual­
feed cross-polarized microstrip patch antenna. The polarization directions along the x-axis and y- 
axis are defined as the horizontal polarization and vertical polarization individually. In Figure. 4.9, 
port-1 excites the vertical polarization and the port-2 excites the horizontal polarization.
The reconfigurable parasitic element is composed o f a printed dipole and a PIN diode soldered in 
series between the two halves of the printed dipole. As shown in Figure. 4.9, the PIN diode is 
controlled by DC voltages supplied through the DC feed. When the PIN diode on the printed 
dipole is forward and reversed biased, the reconfigurable parasitic element works as a reflector 
and a director accordingly. A director is a closely coupled parasitic element that pulls the antenna 
radiation pattern from the driven element towards the parasitic element and a reflector pushes the 
antenna radiation pattern from the parasitic element towards the driven element.
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PIN_H1
PIN_V4 
V4 Æ
Port-1
Port-2
Figure. 4.9 The cross-polarized driven antenna and two reconfigurable parasitic elements. 1- the 
driven element, HI, V4- the reconfigurable parasitic elements. 3- the DC feed for the reconfigurable 
parasitic elements.
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Figure. 4.10 The simulated S-parameters of the MIMO antenna
The simulated S-parameters of the antenna given in Figure. 4.9 are shown in Figure. 4.10. When 
both of the parasitic elements HI and V4 in Figure. 4.9 are configured as reflectors, the 
corresponding 3D radiation patterns are given in Figure. 4.11 (a) and Figure. 4.11 (b) for vertical 
polarization and horizontal polarization respectively.
1 0 6
YChapter 4. Compact MIMO Antenna M’ith Adaptive Radiation Patterns
A y
Phi
^  , ,  T h e l a — WW
-1
Phi
(a) (b)
Figure, 4.11 The 3D radiation pattern of the MIMO antenna (a) for port-1, (b) for port-2.
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Figure. 4.12 The steered beams of the horizontal polarization, (a) when the parasitic element (HI) 
works as a reflector, (h) when the parasitic element (HI) works as a director
The beam from each port can be steered separately and the steered beam from port-2 (horizontal 
polarization) is given in Figure. 4.12. When one reconfigurable parasitic element is used for each 
polarization, the antenna beam can be altered between two different radiation patterns. In order to 
generate more radiation patterns, more parasitic elements should be used. In Figure. 4.13, a cross­
polarized MIMO antenna with four reconfigurable parasitic elements for each polarization is 
presented. Therefore, the MIMO antenna uses eight reconfigurable parasitic elements to steer its 
radiation pattern.
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Figure. 4.13 (a) The plan view of the 8-parasitic element MIMO antenna, (b) The side view of the 8- 
parasitic element MIMO antenna. I- the patch antenna as the driven element, H1...H4, V I...V 4 - 
printed dipoles; PIN H1...PIN H4, PIN VI...PIN V4 - PIN diodes soldered in series in the middle 
of the printed dipoles, 3- the DC feed networks for PIN diodes on the printed dipoles.
T a b l e -4 .2
P o l a r iz a t io n  d ir e c t io n  a n d  P IN  d io d e  c o n f ig u r a t io n
PIN_H1/H2 PIN_H3/H4 PIN_V1/V2/V3/V4
Beam 1 F R R
Beam 2 R F R
Beam 3 F F R
Where F for Forward-biased; R for Reversely-biased
According to Figure. 4.13 (a), the horizontal polarization direction is along the x-axis and the 
vertical polarization is along the y-axis. The beam of the antenna is steered by the eight 
reconfigurable parasitic elements. The steered beams in X-O-Y plane are given in Figure. 4.14,
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for horizontal polarization (along x-axis). The PIN diodes configurations are listed in Table-4.2 
for each beam separately.
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-180 -135 -90 -45 0 45 90 135 180
►Beam 1
Phi C ) (in X-O-Y Plane)
—  Beam 2 ------ — Beam 3
Figure. 4.14 The steered beams in X-O-Y plane for horizontal polarization (all beams are plotted with 
theta = 45°)
In the X-O-Y plane, beam 1 and beam 2 are single direction beams pointing at 90° and -90° 
independently. Beam 3 is a dual direction beam pointing at 0° and 180° simultaneously. Thus the 
antenna is able to cover the X-O-Y plane with three beams, whose step size is 90°. The radiation 
pattern in the Y-O-Z plane is given in Figure. 4.15 (a) for beam-1 and Figure. 4.15 (b) for beam-2. 
The radiation pattern of beams-3 in the X-O-Z plane is given in Figure. 4.16 when phi=0°.
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Figure. 4.15(a) beam-1 in Y-O-Z plane, (b) beam-2 in Y-O-Z plane, (all beams are plotted with 
phi = 90°)
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Figure. 4.16 The beam-3 in X-O-Z plane (all beams are plotted with pbi = 0°)
4.3 C hapter Sum m ary
The combination o f the top-disk-loaded monopole and the folded monopoles has been proved to 
be an effective method to produce a low-profile low-cost pattern steering FM-ESPAR antenna. 
The MIMO antenna compose of two FM-ESPAR antennas is able to steer its beams from 0° to 
360° in the horizontal plane individually. Each pattern achieved a gain o f 4 dBi and a front-to- 
back ratio of 12 dB. The MIMO antenna can support SISO mode with a higher gain o f 6 dBi, 
which provides much larger link budget margin for the low SNR scenario.
The polarization diversity has been proved as an effective method when building compact MIMO 
antennas. The cross-polarized MIMO antenna, with switchable radiation patterns reporting an 
antenna gain o f 6 dBi, has been successfully constructed.
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Chapter 5
5 Circularly Polarized Beam-Steering 
Antennas
The Circularly polarized (CP) antenna is widely used by satellite communication systems. In a 
circular polarized antenna, the direction o f the polarization rotates in a circle finishing the 360° 
revolution during one period o f the wave. If the rotation is clockwise looking in the direction of 
propagation, the sense is called Right-Hand-Circular (RHC). If the rotation is counter clockwise, 
the sense is called Left-Hand-Circular (LHC). Thus the CP antenna is ideal for communication 
systems mounted on a rotationally moving platform, such as satellites.
The CP antenna with electronically switchable beams has been introduced by [55, 60] using the 
ESPAR schematic. Both the driven element and the parasitic elements are CP patch antennas and 
placed in the same plane. The disadvantage o f this configuration is that the parasitic element 
cannot be excited efficiently. This is because the main lobe direction of the driven patch antenna 
is orthogonal to the horizontal plane in which the driven element and parasitic elements are placed. 
Since the parasitic elements cannot be efficiently excited, the beam-steering range in the vertical 
plane is limited. Furthermore, the antenna size is large with all elements in the same plane.
To overcome this shortage, a novel design o f the parasitic element has been introduced 
in Chapter 5.1. The parasitic elements are placed over the driven patch antenna and thus these 
parasitic elements can be excited efficiently and the beam tuning angle in vertical plane can be 
significantly increased.
On the other hand, the antenna height will be increased when deploying the parasitic elements 
over the driven element. To overcome this disadvantage, a novel beam-steering flat antenna 
without any parasitic elements has been proposed in Chapter 5.2. By controlling the EBG beneath 
the patch antenna, its radiation pattern can be steered.
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5.1 CP ESPAR Antenna with Cross-Structured Parasitic Elements
The linearly polarized ESPAR antenna has been widely studied because it is useful for indoor 
wireless communication systems. In satellite communications, the polarization o f the antenna 
becomes an essential parameter. The antenna used for satellite communication should be 
circularly polarized and its axial ratio should be lower than 3 dB.
The few CP ESPAR antennas which have been reported in the literature have all adopted the 
popular seven-element ESPAR structure with one driven element in the centre and six parasitic 
elements surrounding it in the same plane. Most o f these antennas have used CP patch antennas 
for both the driven element and the six parasitic elements. These antennas are too large for small 
satellite applications. Because its large size would use up the space on the satellite, which should 
be reserved for solar cells.
The CP ESPAR antenna proposed in this section has only one element inside the area assigned for 
solar cells i.e. the driven element. The parasitic elements are composed of reconfigurable 
“parasitic crosses”. These cross-structured parasitic elements are placed over the driven element 
and do not block off any additional sunlight.
5.1.1 Antenna Structure
The structure of the proposed CP ESPAR antenna is given in Figure. 5.1. It consists of a two 
layered structure with the driven element in the lower layer and the parasitic elements in the upper 
layer.
The driven element is a single port circularly polarized patch antenna fed by two orthogonally 
placed microstrip lines with a 90° phase shift between them. Its structure is given in Figure. 5.2. 
The feeding network is fabricated on a RT/duroid 5870 substrate and connected to a 50 H RF 
source. The feeding network works as a power divider with a 90° phase shift. The guided 
wavelength at 1.57 GHz is 141.4 mm. The radius o f circular patch, shown in Figure. 5.2, is 
35 mm, which is about 1/4 of the guided wavelength.
The parasitic elements are composed o f reconfigurable cross-structured parasitic elements. The 
cross-structured parasitic elements are composed o f two orthogonally placed reconfigurable 
printed dipoles. Each printed dipole has a PIN diode soldered in series in the middle o f the two 
halves of the printed dipole. By varying the DC voltages applied to the PIN diode, the coupling 
between the driven element and the cross-structured parasitic elements can be controlled and thus 
the radiation pattern steering can be achieved.
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Figure. 5.1 Structure of the CP ESPAR antenna (a) The plane view of the CP ESPAR antenna 
(b) Side view of the CP ESPAR antenna (1) The single port circularly polarized patch antenna serves 
as the driven element (2) The substrate for the driven element (3) Parasitic crosses (4) Ground plane
Figure. 5.2 Structure of driven element: (1) the circularly polarized circular patch antenna on the top 
layer (2) the microstrip feed on the middle layer (3) the ground plane on the bottom layer
In Figure. 5.1, each cross-structured parasitic element has a radius o f 46 mm. which is about I q/A 
at 1.57 GHz (where is the wavelength of 1.57 GHz in free space). There is no DC conduction 
between the two orthogonally placed printed dipoles. Each printed dipole is controlled by the PIN
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diode mounted at its centre. When both o f the PIN diodes on the cross-structured parasitic 
element are forward biased, the cross-structured parasitic element works as a reflector.
When both o f the PIN diode on the cross-structured parasitic element are reversely biased, 
electromagnetic coupling between the driven elements and the cross-structured parasitic elements 
is broken. The induced surface current along the cross-structured parasitic element is nearly zero 
and the cross-structured parasitic element cannot effectively radiate and contribute to the radiation 
pattern synthesis. Thus the cross-structured parasitic element is set to the “isolated state” when the 
PIN diodes are reversely biased.
There are four cross-structured parasitic elements placed above the driven element at a distance o f 
ylo/4 apart. The pattern steering is achieved by switching the four parasitic crosses between the 
“isolated state” and “reflector state” and thereby controlling the current distribution in the upper 
layer of the CP ESPAR antenna. Therefore there are no phase shifters involved in the pattern 
steering.
5.1.2 Simulation and Measurement Results
The proposed CP ESPAR structure has been simulated with the aid o f the CST-MS and a 
prototype model has been built and measured. The measured return loss of the prototype antenna 
is given in Figure. 5.3.
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Figure. 5.3 The measured and simulated S l l  of the beam-steering CP ESPAR antenna
The proposed CP ESPAR antenna has a bandwidth from 1.55 GHz to 1.6 GHz with return loss 
better than -10  dB. The antenna coordinate system is defined in Figure. 5.1 (a). The origin is 
taken at the centre o f the patch antenna and the plane o f the patch is taken to be the X-O-Y plane. 
The z-axis is orthogonal to the X-O-Y plane and points out o f the plane in Figure. 5.1 (a). The
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elevation angle 6 is measured from the z-axis and the azimuth angle ç  is measured anticlockwise 
from the x-axis in the X-O-Y plane.
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Figure. 5.4 Measured patterns of the CP ESPAR antenna
The black solid curve in Figure. 5.4 is the pattern when all four parasitic crosses are switched to 
the isolated state. The maximum antenna gain shown by the black solid curve in Figure. 5.4 is 
6 dBi and it is right hand circularly polarized. The 3 dB beam width is 70° from 6 = -3 5 ° to 
e = 35°.
The blue curve in Figure. 5.4 is obtained when three o f the parasitic crosses are switched to the 
isolated state and the one, which is located at position with azimuth angle (p= 180°, is configured 
as the reflector. The maximum antenna gain shown by the blue curve in Figure. 5.4 is 6.3 dBi and 
it is right hand circularly polarized. The 3 dB beam width is 45° from 0 = 1 5 °  to ^ = 60° .
The red curve in Figure. 5.4 is obtained when three o f the parasitic crosses are switched to the 
isolated state and the one, which is located at position with azimuth angle (p = 0°, is configured as 
the reflector. The maximum antenna gain shown by the red curve in Figure. 5.4 is 6.3 dBi and it is 
right hand circularly polarized. The 3 dB beamwidth is 45° from 0 = -15° to 0 = -60°. The total 
available beamwidth of proposed CP ESPAR antenna is 120°from 0 = -60° to 0 = 60°.
For a circularly polarized antenna, the axial ratio is a very important parameter. The measured 
axial ratio and its corresponding pattern is given in Figure. 5.5. When the axial ratio is lower than 
3dB, the beamwidth is from 0 = 15° to 0 = 60°. By symmetry, the axial ratio is also lower than 
3dB within the elevation angle range 0 = -15° to 0 = -60° as well. In general, a circularly 
polarized antenna with an elevation angle beamwidth -  6 0 °^  0 ^  60° fulfils the requirement o f a 
low orbit satellite.
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Figure. 5.5 The measured axial-ratio and its corresponding pattern
The axial ratio o f the CP ESPAR antennas in the azimuth plane at different elevation angles are 
given in Figure. 5.6. The curves shown in Figure. 5.6 are achieved with three cross-structured 
parasitic elements configured in the isolated state and one cross-structured parasitic element 
configured as a reflector. The cross-structured parasitic element serving as a reflector is located at 
the position where the azimuth angle cp = 180°.
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Figure. 5.6 The measured axial-ratio in the azimuth plane
Figure. 5.6 shows that the beamwidth of the radiation pattern in the azimuth plane reduces as the 
elevation angle increases. The beamwidth is the angle range with axial ratio lower than 3 dB.
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Figure. 5.6 shows a beamwidth o f 120° when the elevation angle is 30° , a beamwidth of 100° 
when the elevation angle is 45° and a beamwidth of 60° when the elevation angle is 60°.
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Figure. 5.7 The measured axial-ratio at different frequencies
The measured axial ratio at different frequencies are given in Figure. 5.7. When the axial ratio is 
lower than 3dB, the beamwidth is from 0 = 15° to 0 = 80°. By symmetry, the axial ratio is also 
lower than 3dB within the elevation angle range 0 = -15° to 0 = -80° as well.
5.2 Beam -Steering CP A ntenna  
R econfigurable G round Plane
Com posed o f  Im pedance
In order to build a flat low-cost CP ESPAR antenna, the impedance reconfigurable ground plane 
is used to steer the radiation pattern of the antenna. The feeding network in this design is also 
simplified. The prototype given in this chapter is RHCP. The maximum derived elevation angle 
of its beam is theta = 45° and its beam can be steered from 0° to 360° in the horizontal plane.
5.2.1 Antenna Structure
The radiator in this smart antenna is a circular patch constructed on substrate with = 2.33. The 
guided wavelength over this substrate is 39.5 mm at 4.8 GHz. The radius o f the circular patch is
9.5 mm and it is about quarter of the guided wavelength. The circular patch radiator is shown in 
Figure. 5.8.
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Figure. 5.8(a) Plane view of the beam-switching antenna, (b) the side view of the beam-switching 
antenna. (1) the circular patch antenna, (2) the 50 Ohm microstrip feeder, (3) the EBG cell, (4) the 
PIN diode used for tuning EBG, (5) the via connecting the “mushroom” patch and the ground plane.
The antenna has four microstrip feeders and four switchable beams. Each beam has its own 
individual feeder setup. The beam-switching is achieved by controlling the electronic switching of 
its feeding port together with the corresponding switching part on the high impedance ground 
plane (also known as high impedance surface (HIS)). The radiation pattern and axial ratio for its 
beam are presented for operating frequency at 4.8 GHz.
There are four 50 Ohm microstrip line feeders, which are connected with the circular patch 
through a PIN diode on each line. At any time, there are two microstrip lines connected with 
circular patch with their PIN diode forward biased and the other two feeders are isolated from the 
circular patch with their PIN diodes reversely biased. When performing beam-switching, the 
proper feeders will be chosen together with the corresponding block on the high impedance 
surface.
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The circular patch is constructed over a 5 5 unit -cell HIS, which dominate beam-switching.
Each unit-cell o f the HIS composes of a 10 mm 10 mm square patch, a full Perfect Electric 
Conductor (PEC) ground plane, and a via o f 1.6 mm height between the patch and the PEC 
ground plane where the gap between each patches is 1.5 mm. Since the surface wave along the 
ground plane contributes to the radiation pattern of the antenna, control o f the surface wave along 
ground plane can steer the radiation pattern o f the antenna. By tuning each block on the high 
impedance ground plane individually with the correspondent feed, the propagation o f surface 
wave can be controlled
5.2.2 Simulation Results
The smart antenna has four switchable beams. The return loss o f the proposed antenna is given in 
Figure. 5.9. Any beam out of those four switchable beams reports same return loss.
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Figure. 5.9 S l l  of the proposed antenna
The proposed smart antenna shows a wide bandwidth from 4.60 GHz to 4.95 GHz. The antenna 
gain is not equally distributed over its bandwidth. Higher frequency bands report a higher gain 
and the gain variation is shown in Figure. 5.10.
When tuning the EBG structure, the PIN diodes used to tune the EBG cells should be chosen 
together with a proper feeding port. As shown in Figure. 5.8, when port 1 is selected, the PIN 
diodes marked with “for port I” will be forward biased, which means the resistance o f PIN diode 
is close to zero. All the other PIN diodes are reversely biased. When switching the feeding port, 
the PIN diodes will be switched accordingly and the radiation pattern can be steered.
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Figure. 5,10 Antenna gain variation versus frequency
The simulated radiation pattern for port one is given in Figure. 5.11. It is the vertical plot with 
phi = 45° at 4.8 GHz. The maximum gain is 9 dBi with theta = 30°. The 3 dB beam width is from 
theta = 5° to theta = 40°. The antenna is right hand circularly polarized. The cross polar pattern is 
given in Figure. 5.11 as well. On defines, the position o f port 1 is at phi = 0°, port 2 is at phi = 90°, 
port 3 is at phi = 180° and port 4 is at phi = 270°. The horizontal radiation plot for port 1 is given 
in Figure. 5.12. Its broadside is at phi = 45°.
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Figure. 5.11 The vertical plot of simulated radiation pattern at phi=45°
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Figure. 5.12 The horizontal plot of simulated radiation pattern for port 1
The radiation pattern shown in Figure. 5.12 can be achieved at 135°, 225° and 315° by choosing 
port 2, port 3 and port 4 respectively. The PIN diode sequence needs to be switched according to 
which port is selected.
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Figure. 5.13 The axial ratio in the vertical plane of the simulated radiation pattern at phi=45°
The axial ratio of the radiation pattern given in Figure. 5.11 is shown in Figure. 5.13. Antennas 
for satellite communication require its axial ratio to be within 3 dB. Figure. 5.13 shows that the 
broadside o f this smart antenna defined by 3 dB axial ratio is from theta = 15° to 90°. This is a
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relatively large angle o f available broadside, which will be an advantage when forming a phased 
array.
The axial ratio in the horizontal plane is given Figure. 5.14. The 3 dB axial ratio broadside is able 
to cover from phi = 0° to phi = 90° when theta is between 30° and 55°. The proposed smart 
antenna is able to cover 360° in the horizontal plane with four switchable beams.
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Figure. 5.14 Axial ratio in the horizontal plane of the simulated radiation pattern
5.3 C hapter Sum m ary
Two types of beam-steering CP antenna have been introduced in this chapter. One employs the 
parasitic elements to steer the beam and the other uses the electronically impedance 
reconfigurable ground plane to control its radiation pattern. The novel designed cross-shaped 
parasitic elements can steer the beam from the driven element efficiently.
Some preliminary work on the CP antenna achieving beam-switching by using only one radiation 
element has been shown here and future work is required to complete the prototype development 
and measurement. The pattern switching is achieved by the impedance reconfigurable plane. 
Without increasing the size of the radiator, a smart antenna has been successfully constructed. The 
smart antenna is circular polarized and able to cover a 360° range in the horizontal plane by beam- 
switching. The 3dB power broadside beam width in the vertical plane is between 5° and 45°. The 
axial ratio defined beam width is relatively large, which makes the proposed smart antenna a 
potential element for a phased array.
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Chapter 6
6 Beam Reconfigurable Refiectarray 
Antenna
The microstrip reflectarray technology is another low-cost solution alternative to the traditional 
parabolic reflector and phased array antennas [61-63]. The typical printed reflectarray antenna 
consists o f a flat reflector compose o f a planar array of microstrip cell elements and a source 
antenna, which irradiates the flat reflector. The microstrip reflectarray is a type o f antenna that 
combines the low-proflle and flat features o f the conventional phased array antennas and 
parabolic reflector antennas, which has simplified feeding structures. Because o f its reflector that 
can be made from the low-cost printed circuit technology and there is no complex feeding 
network required, the printed reflectarray offers many advantages over the phased array antennas 
and parabolic reflector antennas, such as reduced mass, volume, and cost.
The electronically tunable printed reflectarray is a fairly new concept for beam scanning 
applications. By eliminating the demand of the beamforming network, which is complex, bulky 
and lossy, the electronically tunable printed reflectarray offers simplified control schematic and 
the low-cost features over the phased array antennas, which consists of transceiver modules at 
each array element.
The general technique realizing an electronically beam reconfigurable printed reflectarray is to 
control the reflected phase from each uni-cell that composes the flat reflector in the reflectarray 
antenna. Therefore, most researches focus on designing tunable uni-cells. By serially connecting a 
MEMS switch with the tuning stub on a reflecting microstrip path, an electronically 
reconflgurable uni-cell elements can be constructed. By controlling the MEMS switch, the 
reflected phase from the uni-cell can be controlled. But a high gain reflectarray antenna consists 
of hundreds uni-cells. If every uni-cell is in need o f tuning, the cost is high and the control 
schematic is complicated.
The purpose of controlling the reflected phase at all uni-cells is to achieve continuous beam- 
steering. But this feature is not required in many applications. Some applications only require the 
antenna to steer its beam towards a few interested directions. For those applications that do not
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require continuous beam-steering, a methodology for constructing low-cost beam reconfigurable 
reflectarray antenna is proposed in Chapter 6.1.
In order to build low-cost uni-cell, the varactors are used to replace the MEMS switch in [64-67]. 
One problem of those uni-cell compose of varactors is that the dynamic range o f the reflected 
phase is not large enough. To improve the dynamic range of the reflected phase, a novel aperture 
coupled patch uni-cell is proposed in Chapter 6.2
6.1 ESPA R  A ntenna Fed Beam  R econfigurable R eflectarray A ntenna
For those applications that do not require continuous beam-steering, the ESPAR antenna can be 
used to constructed the low-cost beam reconflgurable reflectarray antenna. By dividing the printed 
microstrip reflector into different functional regions and controlling the beam from the ESPAR 
antenna to illuminate each functional region separately, the beam from the reflectarray can be 
reconfigured.
6.1.1 Design of the Printed Microstrip Reflector
The dual layer stacked square patches are adopted as the uni-cell element of reflectarray. Its side 
view and plane view are given Figure. 6.1. By varying the size of the upper patch and the lower 
patch, the reflection coefficient from the uni-cell can be controlled. The dual layer stacked 
structure introduced a wide dynamic range of the reflection coefficient.
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( 8 )  Side View (b  ) Plane View
Figure. 6.1 Structure of the dual layer uni-cell element.
The thickness of the FR4 substrate used in this work is t =0.8 mm. The gap between different 
layers are hi = 4.2 mm and li2=4.5 mm. The si de-length of the lower patch and upper patch are 
denoted as “a” and “b” respectively. With both “a” and “b” increasing, the value of the reflected
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phase decreases and more than 500° dynamic range can be achieved [125]. The amplitude of the 
reflection coefficient remains the same when both “a” and “b” varies.
The methods about how to calculate the progressive phase distribution on the reflector has been 
explained in Chapter 2.2.4.1. The plane view of the printed microstrip reflector and the side view 
of the beam reconflgurable reflectarray antenna are given in Figure. 6.2. and Figure. 6.3 
respectively.
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Figure. 6.2 Plane view of the printed microstrip reflector
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Figure. 6.3 Side view of the beam reconfigurable reflectarray antenna
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T a b le-6.1 
T he  sid e-len g th  o f  th e  u pper  patches
(mm) 1 2 3 4
a 16.4 17.2 16.0 X
b 18.0 18.0 16.8 13.6
c. 18.6 18.2 17.0 14.4
d 18.0 18.0 16.8 13.6
e 16.4 17.2 16.0 X
Table-6.2
T he  SIDE-LENGTH OF THE LOWER PATCHES
(mm) 1 2 3 4
a 25.0 26.0 23.4 X
b 28.0 26.8 24.8 21.8
c 26.4 27.0 25.0 22.6
d 28.0 26.8 24.8 21.8
e 25.0 26.0 23.4 X
The dimensions o f each patch are illustrated in Table-6.1 and Table-6.2. The printed microstrip 
reflector as shown in Figure. 6.2 is divided into two regions and denoted as region-A and region- 
B individually. The focal distance between the ESPAR antenna and the printed microstrip 
reflector is H = 9 \  mm and the length of the printed microstrip reflector is Z = 278 mm.
>r u
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3-A 3-B
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Figure. 6.4 Structure of the ESPAR antenna served as the source antenna (a) 3D structure, (b) the 
side view, (c) the reconfigurable folded dipole radiator. 1- the short collinear dipole as the driven 
element, 2- folded dipole as the reflectors, 3- reconfigurable folded dipole radiator, 4- PIN diode
The detailed structure o f the source antenna is given in Figure. 6.4, which is an small ESPAR 
antenna. The driven element is a short collinear dipole at the centre and the parasitic elements are 
folded dipole antennas surrounding the driven element. The height o f the folded dipole ESPAR
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antenna has been reduced to 15 mm, i.e. XqIA at 5 GHz. Its height has been reduced by 50% 
compared with standard half-wave dipole antenna.
As shown in Figure. 6.4 (b), there are two type o f the folded dipole antennas. One is the fixed 
folded dipole radiator and marked as “2” in Figure. 6.4 (b). The other is the reconfigurable folded 
dipole radiator and marked as “3” in Figure. 6.4 (b). A PIN diode is connected in series with the 
two halve o f the reconflgurable folded dipole radiator as shown in Figure. 6.4 (c). The 
reconflgurable folded dipole radiators are used to control the beam direction. When the PIN diode 
is “forward biased” or “reversely biased”, the folded dipole radiator can be reconfigured either as 
a “reflector” or a “director” accordingly. Thus the beam from the folded dipole ESPAR antenna 
can be steered and the different part on the printed microstrip reflector can be illuminated.
6.1.2 Simulated Results
In Figure. 6.2, the printed microstrip reflector has been divided into two different functional 
regions, which are marked as “A” and “B” respectively. Each region is responsible for an 
individual beam direction when illuminated by the feeding ESPAR antenna. By controlling the 
direction of beam from the ESPAR antenna, different functional regions on the printed microstrip 
reflector can be illuminated and thus different beam can be switched.
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Figure. 6.5 Dual-beam pattern for broadcasting mode of the low-cost beam reconfigurable 
reflectarray antenna
Figure. 6.5 shows the dual-beam pattern when the reflectarray antenna works at broadcasting 
mode. In the broadcasting mode, the satellite should be able to communicate with both o f its 
service area simultaneously. Thus a dual beam should be generated by the reflectarray antenna. 
To achieve the dual-beam pattern, both the region-A and region-B on the flat reflector are 
illuminated by the ESPAR antenna at the same time. In order to illuminate both region-2 and
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region-3, all the PIN diodes on those reconfigurable folded dipole radiator (marked as “3-A” and 
“3-B” in Figure. 6.4 (b)) are reversely biased.
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Figure. 6.6 Single-beam pattern of private communication mode of the low-cost beam reconflgurable 
reflectarray antenna
Figure. 6.6 (a) and (b) show the radiation pattern o f the reflectarray antenna when the antenna 
works at private communication mode. In this mode, the satellite transmit data to only one service 
region. This mode will be used when confidential data transmission is required or high data rate 
communication is required. When transmitting data with high data rate, the communication 
system demand for higher SIR. By blocking one service area, the co-channel interference can be 
reduced significantly. The isolation between desired region and the blocking region achieved here 
is about 10 dB, however in future development can improve this level.
the pattern shown in Figure. 6.6 (a) can be generated when the region-A on the flat reflector in 
Figure. 6.2 is excited only. In order to illuminate the region-A only, the PIN diodes on those 
reconfigurable folded dipole radiator marked as “3-B” in Figure. 6.4 (b) are forward biased. And 
the PIN diodes on those reconfigurable folded dipole radiator marked as “3-A” are reversed 
biased.
When the region-B on the flat reflector in Figure. 6.2 is excited only, the pattern shown in Figure.
6.6 (b) can be generated. In order to illuminate the region-B only, the PIN diodes on those 
reconfigurable folded dipole radiator marked as “3-A” in Figure. 6.4 (b) are forward biased. And 
the PIN diodes on those reconfigurable folded dipole radiator marked as “3-B” are reversed 
biased.
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6.2 C hapter Sum m ary
A methodology for constructing a low-cost beam reconfigurable refiectarray antenna has been 
proposed and explained in this chapter. The preliminary work on the beam reconfigurable reflect 
antenna has been done here to demonstrate a low-cost solution high gain beam-switching 
schematic. Future work is required to complete the prototype development and measurement on 
the larger tuning angle and suppression the side lobes. Since the beam-switching is controlled 
from the source antenna (ESPAR antenna) and there are no tuning components on the flat 
reflector, the cost of the antenna is low. Furthermore, since there is no tuning element on the fiat 
reflector, the inflatable beam-switching reflectarray antenna with large aperture can be 
constructed with this methodology.
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7 Measurement Methodology for Smart 
Antennas
The smart antenna system generally comprises multiple radiators at the transmitting and/or 
receiving side of the wireless link, whose signals are processed adaptively in order to achieve 
spatial diversity and overcome multipath fading and co-channel interference. It is envisaged that 
the adoption of smart antenna techniques in future generation wireless systems would have a 
significant impact on the efficient use of the spectrum and the optimization o f service quality [1]. 
The adoption of smart antenna techniques in future generation wireless systems requires the smart 
antenna to be an inherent part of the system. Its success relies on two considerations: firstly, the 
smart antennas need to be considered during the very early design phase [1]; secondly, the 
performance o f the smart antenna must be evaluated directly in terms o f the critical parameters, 
such as SIR, FBR, efficiency and beam width.
However, present practice is that smart antenna capability is considered an add-on feature in 
which its characteristics are not considered and optimized during the design process. Furthermore, 
using the traditional methods, the smart antennas are measured together with an existing 
transceiver under particular circumstances such as multipath fading and co-channel interference 
where the BER monitored by the DSP is used as the critical parameter. The control weight 
corresponding to the best BER is recorded as the output parameter, which will be used by the DSP 
to the control the smart antennas when measuring the radiation pattern of the smart antenna in the 
next step [73-75, 126-127]. Radiation patterns and SIR of the smart antenna are then measured 
with those recorded control weights. By this means, the smart antenna is measured indirectly. 
Because both the FEC coding and modulation of the transceiver will affect the control weight 
related to the BER. Furthermore, different power settings of the desired input signal and 
interference will result in different BER and control weights. Quite often, the control weights 
obtained from traditional method cannot show the performance o f smart antennas thoroughly. If 
the interference is too large, the beamforming iteration cannot start. On the other hand, if the 
interference is not large enougli, the beamfonning algorithm may converge with a lower SIR and 
consequently the DSP unit will stop searching for a better SIR which may be available. For 
example, take a smart antenna whose best SIR is 20 dB; if  the beamforming algorithm can
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convergence at 10 dB SIR, the DSP will consider 10 dB as the SIR of the antenna and the 20 dB 
SIR cannot be measured and this will result in a wrong evaluation of the antenna performance.
Co-channel interference is a major limiting factor on the capacity o f wireless systems, and 
jamming interference is a threat to a reliable link. The critical parameter used to characterize a 
smart antenna combating interference is the SIR, which is the main parameter concerned in this 
chapter. The SIR is plotted as a function of the separation angle between the incoming directions 
of a desired signal and an interfering signal. In reality separation angles can take any value, but to 
design a feasible antenna, separation angles are assigned a uniform step. Furthermore, SIR plots 
were generated according to different required link margins. In particular, electrically small smart 
antennas would suffer significantly from beamforming loss.
Radiation patterns with different control weights can also be obtained when generating the SIR 
plot. Thus the measurement time is significantly reduced compared to the traditional method in 
which the radiation pattern is measured separately.
7.1 Principle o f the M easurem ent Process Based U pon “D irect 
M agnitude M easurem ent”
The measurement method in this chapter requires a Spectrum Analyser (SA), signal generators, 
reference horn antennas and an anechoic chamber. The interference and desired signal strength 
were measured by the SA through an OEFS system [94-97] which consists of an RF-to-optical 
transducer, optical fibre and a controller. The antenna was connected to the transducer and then to 
the OEFS controller via the optical fibre. The OEFS system transforms the RF signal received by 
the antenna into an optical signal and converts it back to RF for input to the VNA. This allows 
non-intrusive antenna measurements (see Chapter 3.1.2.1).
A schematic o f the SIR plot measurement is shown in Figure. 7.1. The transmitting antennas used 
were the EMCO 3115 and ETS-Lindgren 3117 double-ridged waveguide horn antennas and they 
were connected with two Signal Generators (SO) respectively. As depicted in Figure. 7.1, the 
desired signal represented by FI is provided by SG-1 where the interference signal is represented 
by F2 and generated by SG-2. Both FI and F2 are equal amplitude single-point frequencies in this 
method. The incoming direction of the interference signal rotates around the centre from 0° to 
360°. Since the position of the desired signal FI is fixed, the separation angle between FI and F2 
varies in uniform steps from 0° to 360°. To demonstrate the co-channel interference scenario, the 
frequency o f both FI and F2 should be as close as possible within the same channel. Nevertheless, 
it would be limited by the minimum resolution bandwidth of the SA used.
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Figure. 7.1 Schematic of the SIR direct magnitude measurement setup
The AUT operating under receiving mode was placed in the centre of the chamber and connected 
with the CSA N 1996A spectrum analyzer through the OEFS system.
At any given separation angle, the received power of FI and F2 are acquired by the SA and the 
corresponding log-scale SIR is then obtained by subtracting the interference signal, F2 from the 
desired signal, FI, where the AUT is operated with a specific control weight. By applying all 
possible control weights to the AUT, all available-SIR figures can be obtained. During link 
budget planning, the system designer must take the beamfonning loss of the smart antenna into 
account. The beamfonning loss is mainly contributed by the input impedance mismatch loss and 
the main beam pointing loss. In this chapter, the beamfonning loss is considered as the required- 
link-margin (RLM) and it is defined as the subtraction of the received power o f FI at each control 
weight from the maximum power of FI among all control weights. It is mainly contributed by the 
input impedance mismatching loss and the main beam pointing loss. All the available-SIR figures 
were sorted according to its RLM. When all the available-SIR figures with separation angles from 
0° to 360° were obtained, the SIR plot was generated according to different RLM. The step size of 
RLM used to generate the SIR plot can be chosen by the system designer and users. For every 
RLM level at a specific separation angle, the largest available-SIR figure is chosen to generate the 
SIR plot. i.e. the largest available-SIR at each separation angle is shown within each RLM level.
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7.2 M easurem ent Setup o f the “D irect M agnitude M easurem ent”
The measurement setup follows the schematic given in Figure. 7.1. The AUT used in this work is 
a low-proflle wideband ESPAR antenna with twelve parasitic elements [119]. The structure of 
this antenna is shown in Figure. 7.2 and Figure. 7.3.
a
Figure. 7.2 Side view of the antenna: 1 - The short monopole serves as driven element, 2 - The folded 
monopoles serve as parasitic element. 3 - the ground plane
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Figure. 7.3 Plan view of the antenna: (a) view from front, (b) view from back. 1-12- Twelve folded 
monopoles ser\e as parasitic elements, 13-The short monopole serves as driven element, 14- The 
ground plane, 15- The quarter wavelength high impedance micro-strip line isolating DC voltage 
control line and DC filter from folded monopole antenna., 16- The cross section of 50 £l coaxial cable
The bandwidth of the AUT is from 2.05 GHz to 2.50 GHz and the height is 21 mm, which is 
about 0.15 k at 2.05 GHz. As depicted in Figs. 2 and 3, the low-profile wideband ESPAR antenna 
consists of one driven element and twelve parasitic elements. The driven element is a short 
monopole antenna with 4 mm in diameter and 21 mm in height. The parasitic elements are folded 
monopole antennas bent towards the driven element [100-101, 103, 119]. The twelve folded 
monopole antennas are equally separated in the circle whose radius is 40 mm. Each parasitic 
element is loaded with a PIN diode that controlled by DC voltage. The twelve DC control 
voltages were supplied by a NI USB-6008 Data Acquisition (DAQ) unit, which was remotely
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controlled by Lab View programs together with the spectrum analyzer. The AUT was connected 
with the CSA N1996A SA through the OEFS system as shown in Figure. 7.4.
XIUSB-600S
T ran sd u cer
Figure. 7.4 The AUT low-profile ESPAR antenna with OEFS transducer.
The setting up of the spectrum analyzer affects the measurement repeatability and measurement 
time. In this work, the resolution bandwidth chosen for the SA was 500 FIz and the detector 
chosen was root-mean-square (RMS) with 100 average points. The repeatability test was carried 
out before obtaining the SIR plot to ensure the repeatability o f the testing system. The result of 
100 times repeatability test is given in Figure. 7.5 where good repeatability is observed. Both 
received power of FI and F2 are at least 20 dB above the noise floor
28.0
27.9
27.8
27.7
20 40 60 80 100 120
Repeated Times
Figure. 7.5 The repeatability test of the SIR direct magnitude measurement.
Since the AUT has twelve PIN diodes used for beamforming and each PIN diode has two states, 
there are 212 = 4096 combinations of the control logic. On the other hand, the low-profile ESPAR 
antenna, which is electronically small in height, has a tightly coupled structure and its input 
impedance is affected by the parasitic load variation [42]. To ensure the DUT antenna works with
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reasonable matching to the input impedance, the number o f the control vectors used in this work 
has been limited to 49.
7.2.1 SIR Plot Generated by “Direct Magnitude Measurement”
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Figure. 7.6 The SIR plot sorted with different RLM levels, (a) SIR at 2.1 GHz, (b) SIR at 2.2 GHz, (c) 
SIR at 2.3 GHz
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The measurement process follows the principle described in Chapter 7.1. The AUT has an axially 
symmetric structure and it is assumed that its SIR plot has the axial symmetry feature. Hence the 
SIR plot was measured with separation angles from 10° to 180°. The SIR plot with separation 
angles from 180° to 350° can be mirror imaged due to its axial symmetry feature. Note that the 
situation when the separation angle is 0°, which means the interference incoming from the same 
direction as the desired signal, cannot be rejected by beamforming and was not considered in this 
work. The measured SIR plots sorted with 3 dB RLM step size are given in Figure. 7.6. When the 
RLM is 6 dB the received desired signal strength drops to 25% of its optimum value. Since an 
antenna becomes impractical when the received signal strength drops by 75%, the RML larger 
than 6 dB was not considered and plotted in this chapter.
The RLM is used to compensate the beamforming loss introduced by the AUT when 
beamforming. The beamforming loss can be characterized as two different losses: mismatch loss 
and pointing loss. The mismatch loss is caused by the input impedance variation when DUT 
antenna performs beamforming. The pointing loss happens when the AUT points a very deep null 
towards the interference. If the SIR improvement (in dB) is larger than the pointing loss caused by 
a particular control weight, this is a positive feedback for the control algorithm and the control 
weight will be chosen by the DSP for the next iteration. As long as the link margin o f the system 
can compensate the beamforming loss, the smart antenna is operational. With the SIR plots 
generated according to different RLM levels, developers or users can plan its link budget 
according to the interference power that they might face.
7.2.2 Radiation Pattern Plotting
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Figure. 7.7 Radiation pattern at 2.405 GHz with control vector {IIIOOOIIIOOO}.
As depicted in Figure. 7.1, the interference source rotates around the central AUT from 0° to 360°. 
The recorded power values of F2 can be used to generate the radiation pattern with respect to its
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corresponding control vector across the range o f the measured separation angle. In this work, 
there are 49 radiation patterns recorded at each frequency. An example radiation pattern from 10° 
to 180° is given in Figure. 7.7, formed by the control vector {111000111000}, where "1 "means a 
PIN diode operates with forward biased and “0” means a PIN diode operates with reversely biased, 
at 2.405 GHz.
7.3 Com parative PE R  M easurem ent W ith Transceiver Involved
The objective o f the comparative trial is to check whether the same control vector is chosen by the 
proposed method, which generates the SIR plots, and by the traditional method, which includes a 
transceiver, when the interference comes from the same direction.
In the traditional method with a transceiver involved in the measurement, the critical parameters 
usually are BER or PER [71, 73-75, 126-129]. In the traditional method, the control weights are 
chosen with the lowest BER or PER. But neither BER nor PER is a direct parameter that 
represents the performance o f an antenna. In practice, a system developer would want to know the 
radiation pattern and the SIR parameter o f the antenna. Thus, to obtain the corresponding 
radiation pattern using the traditional method, the antenna would need to be measured again with 
the recorded control vector or control weights obtained from the BER measurement. Two antenna 
setups are required in the anechoic chamber to accommodate the two different measurements, 
which increases both measurement time and technician burden.
The transceiver used in this comparative trial is a MICA-Z sensor node, which complies with the
802.15.4 protocol. There are two MICA-Z transceivers used in the comparative trial measurement. 
One is operated as the transmitting node (Tx-node) and the other is used as the receiving node 
(Rx-node).
In order to ensure that the AUT was measured under the same circumstance by the SIR 
measurement method and the comparative trial, nothing in the chamber is disturbed when 
swapping the measurement methods. When performing the SIR measurement method, the output 
of the OEFS is connected to the spectrum analyzer. When performing the comparative trial 
method, the output o f the OEFS is connected to the Rx-node MICA-Z transceiver.
When performing the SIR measurement method, the interference is a single-point continuous 
wave frequency generated by SC-2 whereas for the comparative trial method, the interference is 
an additive white Gaussian Noise (AWCN) [129] with 2 MHz bandwidth set on the SC-2. The 
power of the single-point frequency signal is fixed. On the other hand, the power level o f the 
AWC noise signal needs to be adjusted to make the beamforming algorithm converge during 
measurement, which again is time consuming.
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When performing the SIR plot measurement method, the desired signal is a single-point 
frequency generated by SG-1 whereas when performing the comparative trial method, the desired 
signal is generated by the Tx-node MICA-Z transceiver and amplified by a power amplifier.
DAQ tor PER 
Sampling
m Rx-node
\ncA-z
Figure. 7.8 The receiving MICA-Z (Rx-node) and the DAQ for PER sampling.
Figure. 7.8 shows the Rx-node MlCA-Z transceiver and the DAQ for PER sampling. Every 
successfully decoded package will be sent to the DAQ as shown and then uploaded to the PC with 
a controlling program written in LabView for performing the corresponding statistical analysis of 
the received PER.
7.3.1 Two Methods Compared at 90° Separation Angle
The results comparing the two methods, when the separation angle between desired and 
interfering signals is 90°, are listed below. Both methods gave the same result (i.e. No. 38 control 
weight gave the best interference rejection feature at 90°). The SIR plot generating method gave 
this answer by one measurement round whereas the ‘comparative trial with a transceiver included’ 
required a minimum of three measurement rounds.
From Figure. 7.9, it is observed that the No. 38 control weight gives the best SIR when the 
separation angle between the desired and interfering signals is 90°. To achieve this SIR, the 
antenna requires a 0 dB link margin to compensate the beamforming loss accrued during the 
beamfonning convergence process.
For the comparative trial with a transceiver included, the power of both interfering and desired 
signals would affect the results of PER. In this comparative measurement, the power of the 
desired signal was set to 6 dBm, which is modulated compliance to the 802.15.4 protocol. 
Another issue is that before sweeping the power of the interfering signal, how much interference
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power can be handled by the AUT is not known and this will increase the measurement time 
significantly.
The results of the PER with different interference power levels are given in Figure. 7.10.
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Figure. 7.9 SIR obtained from “direct magnitude measurement” together with its corresponding 
RLM versus different DC control weights when the angle between FI and F2 is 90°
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Figure. 7.10 PER when interference power is swept versus different DC control weights when the 
angle between FI and F2 is 90°, (a) with 12 dBm AWGN, (b) with 15 dBm AWGN, (c) with 19 dBm 
AWGN
7.3.2 Two Methods Compared at 60° Separation Angle
The results comparing the two methods, when the separation angle between desired and 
interfering signals is 60°, are listed below. Both methods gave the same result that No. 37 control 
weight gave the best interference rejection feature at 60°. The SIR plot generating method gave 
this answer by one measurement round. On the other hand the comparative trial, with a 
transceiver included, needed at least three measurement rounds.
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Figure. 7.11 SIR obtained from “direct magnitude measurement” together with its corresponding 
RLM versus different DC control weights when the angle betw een FI and F2 is 60°
From Figure. 7.11, it is very easy to spot that the NO. 37 control weight gives the best SIR when 
the separation angle between desired and interfering signals is 60°. To achieve this SIR, the 
antenna required a 3 dB link margin to compensate the beamforming loss accrued when 
beamforming.
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For the comparative trial with a transceiver included, both interference power and desired signal 
power affect the results of PER. The power of the desired signal is set to be 6 dBm, which is the 
same value used when separation angle was 90°. When reaching the maximum output power, 
which is 19 dBm, o f the SG-2, the control weight that gives the best PER still cannot be safely 
chosen. The PER versus different control weights are given in Figure. 7.12 when the power of the 
desired signal is 6 dBm and the interference is a 19 dBm AWG noise with 2MHz bandwidth.
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Figure. 7.12 PER when the power of desired signal is 6 dBm and the interference power is 19 dBm 
versus different DC control weights when the angle between FI and F2 is 60°
Thus the power of the desired signal is set to be -3 dBm, which is modulated in compliance to the
802.15.4 protocol and the measurement repeated. The results of the PER with different 
interference power levels are given in Figure. 7.13.
Furthermore, the radiation pattern can be plotted directly after knowing the best control weights 
without further measurement requirement, which has been explained in Chapter 7.2.2. But for a 
comparative trial with transceiver included, the radiation pattern cannot be plotted after knowing 
the best control weights. To plot the radiation pattern, the AUT needs to be measured again with 
the best control weights, which are recorded from former PER measurements.
Through the comparative trial, the advantage o f the novel SIR plot generation method is obvious. 
Firstly, the measurement time has been saved significantly compared to the comparative trial 
including a transceiver. Secondly, since the SIR plots are generated according to different RLM 
value, the novel method is providing more information o f the AUT than traditional methods.
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Figure. 7.13 PER when interference power is swept versus different DC control weights when the 
angle between FI and F2 is 60°, (a) with 9 dBm AWGN, (b) with 15 dBm AWGN, (c) with 19 dBm 
AWGN
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7.4 C hapter Sum m ary
A novel cost-effective measurement methodology has been proposed and validated for 
charactering smart antennas prior to embedding the antenna with the transceiver, which includes 
forward-error correction (FEC) coding and modulation. Using this method, the SIR plots o f the 
broad band low-profile ESPAR can be obtained according to different RLM. With these SIR plots, 
the system developer, network designers, and users will know in what circumstances this broad 
band low-profile ESPAR can suit their requirement and how much link margin should be 
prepared when deploying this anterma.
A comparative trial which used the traditional method including a transceiver has been performed. 
In the comparative trial, the PER is used as its critical parameter. The comparative trial has 
proved the correctness o f the proposed novel method, which generates the SIR plots and radiation 
patterns.
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Chapter 8
8 Conclusion and Future Work
8.1 Conclusion
Novel designs, implementation and measurement methodologies o f low-cost smart antennas are 
investigated in this work. To reduce the size, power consumption and cost o f smart antenna, the 
principle o f ESPAR antenna is ernployed.
The methods, in which both the driven element and the parasitic elements (including the director 
and the reflector) can be made small, have been developed in this thesis. The further reduction of 
the size of the ESPAR antenna is achieved by using these small driven and parasitic elements. 
Several kinds o f low-profile and low-cost ESPAR antennas have been designed, constructed and 
measured for the first time and they are:
•  Low-profile folded monopole ESPAR 
® Low-profile Yagi-Uda antenna
•  Low-profile folded monopole ESPAR with the small director array achieving higher antenna 
gain.
O For the first time, the antenna height o f the ESPAR antenna has been reduced from typically 
0.25Xoto0.1Xc.
•  For the first time, the height o f the Yagi-Uda antenna has been reduced by 50%.
Firstly, a compact low-profile ESPAR antenna, whose height is lower than % /lO, has been 
constructed with the top-loaded short monopole as the driven element and the folded monopoles 
as the parasitic elements (reflectors). The varactors are used to control the induced surface 
currents along those folded monopoles. Its beam can be steered continuously between 0° and 360° 
in the azimuth plane. And the adaptive beamforming can be carried out with the aid o f a training 
sequence and the beamforming algorithm. The proposed FM-ESPAR antenna achieves a gain o f 
4 dBi and a FBR larger than 15 dB. The height of the antenna is 12.5 mm (X,o /lO at 2.4 GHz) and 
its radius is 22.5 mm (0.18 X,o at 2.4 GHz). The antenna height has been reduced by 60% 
compared to a conventional ESPAR antenna. Due to its advantages o f small size, easy fabrication,
144
Chapter 8. Conclusion and Future Works
low-cost and low-power consumption, the antenna will be useful for applications in wireless 
communications.
Secondly, the technique that can increase the antenna gain for small antennas without increasing 
the antenna height has been studied for the applications requiring higher antenna gain. The small 
directors have been successfully designed by using a short cylindrical structure with relatively 
larger radius. The fixed small director, fixed SDA, the reconfigurable small director and the 
reconfigurable SDA have been simulated and constructed. The structured used to evaluate the 
reconfigurable 2 3 SDA resulted a low-profile Yagi-Uda antenna, whose antenna gain is 10 dBi. 
The height of the low-profile Yagi-Uda antenna has been reduced by 50% comparing with 
standard half-wavelength Yagi-Uda antenna. The reconfigurable SDA has been designed for 
increasing the antenna gain of those pattern steering small antennas. A reconfigurable SDA in Star 
Topology has been measured together with the FM-ESPAR antenna. The antenna gain o f the FM- 
ESPAR antenna has been increased by 3 dB by the reconfigurable SDA. The FBR o f the FM- 
ESPAR antenna had been improved as well. Both the fixed SDA and reconfigurable SDA have 
been proved that they are the low-cost and efficient methods for increasing the antenna gain for 
low-profile antennas without increasing the antenna height.
Thirdly, the dual-band low-profile low-control-voltage ESPAR antenna has been proposed. In 
order to compatible with TTL power supply, which provides DC voltage from OV to 3V, the PIN 
diodes are used as the tuning component. By using twelve folded monopole antennas as reflectors 
and dividing the twelve reflectors into two different groups, the dual band feature can be achieved. 
The antenna exhibits a dual-band feature fi-om 1.8 GHz to 2.2 GHz and 2.85 GHz to 3.15 GHz. 
The height o f the antenna is 0.12 % at 1.8 GHz, where % is the free space wavelength. Different 
radiation patterns can be formed by varying the combination o f the twelve control voltages and 
every radiation pattern can be steered fi-om 0° to 360° in the horizontal plane with a step size o f  
30°.
Fourthly, different applications o f the low-cost low-profile ESPAR antenna have been introduce 
such as forming a two-elements MIMO antenna and forming a electronically reconfigurable 
refiectarray antenna. The MIMO antenna compose o f two FM-ESPAR antennas is able to steer its 
beams from 0° to 360° in the azimuth plane individually. Each pattern achieved a gain o f 4 dBi. 
The MIMO antenna can support SISO mode with a higher gain o f 6 dBi, which provides much 
larger link budget margin for the low SNR scenario. By using a FD-ESPAR antenna as the source 
antenna and illuminating different functional regions on the flat reflector, a low-cost electronically 
reconfigurable refiectarray antenna has been proposed.
Furthennore, for the satellite communication, where CP antenna is required by the 
communication systems, two type of low-cost smart antenna have been designed in this thesis. 
One employs the parasitic elements to steer the beam. The novel designed cross-shaped
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reconfigurable parasitic elements can steer the beam from the driven element efficiently. What is 
more important is that these cross-structured reconfigurable parasitic elements are placed over the 
driven element and do not block off any additional sunlight and do not occupy the space on the 
satellite, which should be reserved for solar cells. The other low-cost CP smart antenna uses the 
electronically impedance reconfigurable ground plane to control its radiation pattern. Without 
increasing the size of the radiator, a smart antenna has been successfully constructed.
Lastly, a cost-effective measurement methodology that can evaluate a smart antenna in the very 
early design stage and evaluate the smart antenna directly with the critical parameter, SIR and 
radiation pattern, has been proposed and compared with traditional measurement methods. The 
novel method characterises smart antennas prior to embedding the antenna with the transceiver, 
which includes FEC coding and modulation. Using this method, the SIR plots o f the broad band 
low-profile ESPAR can be obtained according to different RLM. With these SIR plots, the system 
developer, network designers, and users will know in what circumstances this broad band low- 
profile ESPAR can suit their requirement and how much link margin should be prepared when 
deploying this antenna. A comparative trial which used the traditional method including a 
transceiver has been perfonned. The comparative trial has proved the correctness o f the proposed 
novel method, which generates the SIR plots.
8.2 Future W o r k
Lots of research works could be carried on with the design methods proposed in this work.
•  As illustrated in Chapter 5, the preliminary work on the CP antenna achieves beam-switching 
by using only one radiation element and future work is required to complete the prototype 
development and measurement.
•  As presented in Chapter 6, the preliminary work on the beam reconfigurable reflect antenna 
has been done to demonstrate a low-cost solution high gain beam-switching schematic. 
Future work is required to complete the prototype development and measurement on the 
larger tuning angle and suppressing the side lobes.”
•  Due to the compact size and steerable beams of the compact ESPAR antenna, a large scale 
phased array antenna can be constructed by employing the compact ESPAR antenna as its 
“cell-elements”. The advantage o f using compact ESPAR antenna as the cell-element in a 
phased array antenna is that the main lobe from each cell can be tuned paralleled to the vector 
of the array factor. Thus flatness of the envelope of antenna gain versus different angel can 
be improved.
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•  Following the methods constructing the dual-band ESPAR antenna, a multi-band ESPAR 
antenna can be developed.
•  A automatic matching circuit is another interesting topic, which can enlarge the frequency 
agile range. Furthermore, a multi-beam ESPAR antenna can be realized with the automatic 
matching circuit.
•  The small director and reflectors designed in this work can be used to design beam steerable 
UWB antennas.
•  Furthermore, the smart antenna with polarization reconfigurable, frequency agile and 
steerable beams can be developed by employing these small parasitic elements for 
recognition radio.
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Appendix-I
The current distribution along the parasitic folded monopole antenna.
When a thin-wire antenna is symmetrically fed at the centre by a balanced two-wire transmission 
line, its current distribution measurements indicate that it is a good assumption that a sinusoidal 
current distribution approximates the natural distribution on thin wire antennas [91]. The 
approximate natural-current distribution for thin, linear centre-fed antennas o f various lengths are 
given in Figure. Figure. Appendix-I-1.
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Figure. Appendix-I- 1. Approximate natural-current distribution for thin, linear centre-fed antennas of various 
lengths. [91]
The approximate current distribution along the parasitic folded monopole antenna when excited 
by a closely placed short monopole antenna is given in Figure. Appendix-I- 2. The part-A and 
part-C in the folded monopole antenna are the segments that can coupling energy from the driven 
short monopole antenna. The direction of the approximate current along part-A and part-C is 
towards the same direction. Thus there will be a zero-current point at the part-B in the folded 
monopole antemia.
II
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Figure. Appendix-I- 2. Approximate current distribution along the parasitic folded monopole antenna when 
excited by a closely placed short monopole antenna.
In Equation 3.1.5, we have assumed that the zero-current is at the centre o f the part-B. The 
sinusoidal current distribution approximates the natural distribution from the zero-current point to 
the varactor loading port given in Figure.Appendix-I-2. Thus the amplitude of terminal current at 
“varactor loading port” 7 is
/  = =  0 .77 /
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